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Abstract

Within a cell, efficient intracellular trafficking is essential for various functions, including cellular polarity,
cell signalling, and maintenance of homeostasis by regulation of cellular energy. Liver kinase B1 (LKB1),
also known as Stk11 is a gene that acts as an indirect regulator of these biochemical processes by interacting
with key endosomal trafficking regulators, such as CIII-PI13K and Rab GTPases which are implicated in
various diseases, including cancer. LKB1 is found to be mutated in an autosomal recessive disorder known
as Peutz Jeghers Syndrome (PJS), a disease associated with increased risk of development of cancer. The
gene was first identified as a tumor suppressor due to its role in controlling bioenergetics, cell growth and
several biochemical functions, but it was later suggested that it could also promote tumor progression by
promoting cell survival, calling it a contextual oncogene. In cells in culture, LKB1 is transported from the
nucleus to the cytosol where it is active in a heterotrimeric complex with MO25 and STRADa. The
interaction of LKB1 with its downstream target called AMP-activated protein kinase (AMPK), also
regulated by the endo-lysosomal pathway, is crucial in the context of promoting cell survival under
conditions of energy stress. Preliminary studies suggest that LKB1 localizes on the (lateral) plasma
membrane, in vivo and in polarised cells from where it may be endocytosed, however, the pathway and
destination of the protein is not known, in terms of whether it is sorted, recycled, or degraded in the

lysosome.

For the purpose of our study, we used Drosophila genetics, structural prediction modelling, high-resolution
imaging techniques and statistical analysis to show that LKB1 activity levels and localization are essential
for epithelial integrity. We constructed recombinant fly lines with GAL4 driver and UAS-tagged gene
expression within a domain of the developing wing epithelial tissue to show that localization and activity
of endogenously expressed GFP-tagged LKBL1 is affected as a result of knockdown of important trafficking
regulators, such as vps34, the catalytic domain of CIII-PI3K, generating PI3P, and WDFY2 a PI3P binding
protein. In order to accomplish this different LKB1 versions and quantification methods were evaluated
with an aim to establish a method to measure and distinguish between the levels of LKB1 in cytoplasm and
in close proximity to the plasma membrane. In addition, we blocked insulin signalling in order to investigate

the interplay between starvation induced autophagy and LKB1 regulation.
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1. Introduction

1.1 Drosophila melanogaster as a model organism

Drosophila melanogaster, which belongs to the family Drosophilidae and the order Diptera has proved to
be a very useful model organism for investigating several cellular processes and development of tissues and
organs. The model system is easy to manipulate genetically due to its short life cycle, lesser ethical
concerns, lower cost of maintenance and biological similarity to mammals — especially humans. Many of
the important developmental processes are conserved between flies and higher eukaryotes. For instance,
flies have 60% homologues in humans. In addition, about 75% human diseases have homologs in flies (1,
2). Their small size is convenient to handle and maintain in a limited space and budget. In addition, flies
rapidly reproduce which allows progeny to be readily available.

The Drosophila has been used as a useful model organism with tools having evolved through a century,
now refined enough to deal with lesser genetic redundancy, having lesser genes than humans thus, making
it convenient as a model for studies in developmental biology, genetics and epigenetics (3). No meiotic
recombination takes place in Drosophila males, which is a useful aspect to explore when working with
genetic crosses as it makes it easier to track the chromosomes through different generations. The genome
of Drosophila comprises of four chromosomes, two of which are larger metacentric chromosomes, one is
a small telocentric chromosome and the sex chromosomes, in which the X is a large telocentric chromosome
(shown in Figure 1). When writing down genotypes the chromosomes are separated by a semicolon (for
example, X; 2" chromosome; 3 chromosome). The polytene chromosomes are formed through repetitive
rounds of cell division through endoreplication (4). The structure of the chromosomes can be determined
by using the appropriate staining and visualizing under the microscope making it easier to position and map
out genes. However, polytene staining is a lesser popular approach as compared to genome sequencing
nowadays to extract information about chromosome structure. In addition, online databases are available

such as FlyBase which consist of genetic and molecular data for Drosophila and have made navigation

easier (5).
Female

X 2L 2R 3L 3R 4
o -0
O -0

Male
-0
7;0 ——— e e —— =0

Y

Figure 1: Drosophila autosomal and sex chromosomes. The Drosophila genome consists of four set of

chromosomes. The 2" and 3' have a left and right arm which are comparable in size. The 4" chromosome has a left
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arm about 1/5th the size of the 2" and 3" chromosome and a very small right arm. The X chromosome has a major
left arm while the Y chromosomes importance is only defined by a few genes which are mostly needed for appropriate
motility of the sperm. Figure retrieved from (6).

The exoskeleton of the fly can be manipulated in many ways (e.g., anesthetizing adult flies in carbon
dioxide, making larvae immobile using ice for dissection) and visualized for certain markers and mutations
causing characteristic or altered phenotypes respectively, in the compound eye, wings, body color, body
structure, bristles and more. The external phenotypes of the fly can prove to be useful to understand specific

gene functions.

1.2 Life cycle of Drosophila melanogaster

The fly has a short life cycle, making it easier to raise in large numbers for genetic, epigenetic, and
developmental studies. In the laboratory Drosophila stocks are maintained at 18°C, for slower generation
or 25°C for the fastest generation of approximately 10 days from the egg to the adult (6). The female lays
up to 100 embryos per day after fertilization. Once fertilization has taken place, it typically takes about 10
days for the adult to emerge (eclosion) from the pupa — dependant on the nutritional conditions and the
temperature. Drosophila undergoes metamorphosis through a cycle of four stages: egg, larval, pupal, and
adult stage. The embryo develops after which the hatching and larval stage approaches. The larval stage
itself is divided into three further stages called instars distinguished by moulting. Moulting defines the
nutritional and size gain of the organism through ingesting the food by feeding on the surface of the
medium. In about 2 days after the emergence of the third instar larva, it moves to a dry spot, perhaps on the
clean wall of the tube and stops moving. At this stage the larval cuticle hardens and surrounds the organism
to give rise to the pupal case and eventual full metamorphosis within a 5-day period. During earlier pupal
stages larval tissues are destroyed through apoptosis and adult structures form from an undifferentiated set
of tissues called the imaginal discs (7). The metamorphosis stage in subdivided into a half-day pre-pupal
stage (pupariation) and about a 4-day long pupal period. There are 10 major pairs of imaginal discs, from

which the adult structures, the genitals and reproductive organs are formed.
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o » Embryo
3.5-4.5days o
/ % 1 day
1stinstar

Pupa Lifecycle of Drosophila melanogaster larva
/‘I day

25-3 k 2nd instar

larva

3rd instar
larva

Figure 2: The Drosophila lifecycle. The Drosophila lifecycle comprises of four stages from the egg to the adult fly
(embryo, larva, pupa, adult). The length of generation of all stages is shown in number of days. The fastest generation

time is at the temperature of 25 °C and humidity of 65% yielding an adult from the egg in approximately 10 days.

1.3 The Fly Wing

The wing in Drosophila is derived from the wing imaginal disc which is further divided into a dorsal-ventral
(DV) and anterior-posterior (AP) axis, proximal-distal (PD), notum and the primordial germ cells (PGCs).
The primordium of the wing disc is formed from a set of 40 cells, which eventually proliferate into about
50,000 cells and gain maturity on differentiation. Wingless (wg) and Decapentaplegic (Dpp) are genes that
contribute towards segment polarity and defining of the DV and lateral stripes of Wg and Dpp, respectively
(8). The differentiation of cells begins when anterior cells and posterior cells segregate at embryogenesis
(9). There are three genes responsible for pattern formation along the proximal-distal region of the imaginal
discs: Decapentaplegic, Distal-less (DII) and rotund (rn). Rotund is localized in a sub-distal region along
the PD axis needed for proper development of the sub-distal structure and female genitalia (10). Expression
of another gene called vestigial (vg) is found centred on the boundary between the DV region of the wing.
Cells in the wing pouch expressing a gene called apterous (ap) are found on the dorsal region of the wing
while cells not expressing apterous are given a ventral identity. Apterous functions to determine the dorsal
fate of the wing. The typical subdivision of the wing disc provides a foundation for specific cell-cell
interactions which accentuates the pattern (11). The well described expression of several of these

aforementioned patterning genes has been useful in genetic studies described in the results.
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(a) 0 (b)

= Pleura
= Ventral Hinge

P u Ventral Wing Blade
/= Wing Margin
= Dorsal Wing Blade
m Dorsal Hinge

Notum
i A/P border

Figure 3: The Drosophila wing disc patterns. (a) Shown in the figure is a DV (dorsal/ ventral) and AP (anterior/
posterior) axis of the wing disc and nomenclature in Drosophila. (b) Some characteristic patterns shown are for rotund
(rn) expressed in the central and notum of the disc, engrailed (en) expressed in the posterior region, and apterous (ap)
expressed in the posterior region of the wing pouch. These characteristic patterns are a result of genetically
programmed pattern formation and can be harnessed to perform temporal or spatial gene/protein studies in a

compartmentalized fashion within specific tissues. Figure (a) obtained from (12) and (b) made in Biorender .
1.4 Investigating gene expression using genetic tools in Drosophila melanogaster

Drosophila provides a useful model system to study several human diseases, essentially due to its similarity
with the human system. For instance, the central brain (or optic lobes) and the ventral nerve chord in
Drosophila is analogous to the brain, the spinal cord, and the segmental nerves in humans. Genes that
underlie several genetic disorders especially cancer and neurodegenerative diseases conserved through
evolution can be studied in Drosophila systems (13).

Forward genetics is a popular method used for determining the genetic basis leading to a certain phenotype
and is also used in Drosophila melanogaster to identify genes involving a particular function, biological
process, or phenotype. In the 20" century, Thomas Hunt Morgan and his colleagues discovered a
Drosophila mutant having the white eye mutation. The white eye was a result of a random and spontaneous
mutation event. This proved to be a basis for using random mutations to infer the function of a gene, and
thus in turn became the basis of genetic screens using Drosophila. These mutations can be made with
selected mutagenic agents which are convenient to administer and cause a larger number of mutations, such
as ethyl methane sulphonate (EMS). While EMS induces point mutations, other mutagens such as X-ray
and gamma irradiation are also used, which yield double-stranded DNA breaks. The latter can prove to be
a better tool since it does not cause mosaicism. On the other hand, males which are mutated with EMS can

lead to a mosaic progeny (14).
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One of the newer techniques being used in fly genetics is insertional mutagenesis, which can either be a
single site insertion (site-specific) or multiple insertions (random insertions). Engineered transposable
elements called P-elements containing specific markers for eye traits, body colour, and/ or other dominant
visible markers can be used in this case (15). A gene which is mutated using P-element insertion can be
identified using sequencing (14). However, it’s not possible to mutate every gene in the genome using P-
element insertion because the technique favours insertion at the 5’ noncoding regions (16). The P-element
fly lines initially identified and collected by the Berkeley Drosophila Genome Project (BDGP) and later
also maintained as a library by Bloomington Drosophila stock centre consist of enhancer traps which can
be used to extract the expression pattern of effected genes (16). One of the most relevant examples of the
usefulness of P-element insertions can be illustrated by the GAL4/UAS binary expression system used in

this report.

1.5 GAL4/ UAS expression system

The GAL4/ UAS expression system has become an important expression system for gene expression in
Drosophila allowing activation of specific cloned transgenes in tissues and cells (14). GAL4 is a yeast
transcriptional activator and under the control of a tissue specific promoter triggers targeted/specific
transcriptional upregulation. In yeast, GAL4 causes transcription of Gall and GAL10 through binding to
Upstream Activating Sequences (UAS) (four 17 base pair sequences) (15). In Drosophila the GAL4 protein
does not affect the native genes in any way as no innate UAS sequence exists. The GAL4/ UAS system
separates the transcriptional activator from the gene that is being targeted where both are from a different
transgenic line. Once the two lines are crossed the target gene is turned on, making it possible to study
phenotypic effects such as a Red-Fluorescent Protein signal (RFP) shown in Figure 4. The target gene is
placed under control of the UAS promotor and is activated for transcription on binding of the GAL4 protein
(14). For the purpose of this study many lines with tissue specific expression patterns were obtained which
were initially generated using P-element based insertion of GAL4 elements into the genome (obtained from
the Bloomington Stock library). All of the lines (shown in Table 4) obtained had P-elements with UAS
tagged DNA constructs inserted into the genome, for example those expressing RNAI, or reporter

proteins. An example of such fly lines is shown in Figure 4.
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GAL4 Driver line . UAS-target gene line

UAS
Enhancer GAL4
eg. Lkb1=GFP = Lkb1; mGAL4/TM3 l

eg. UAS CDB ChRFP
Progeny

{'§ RFP Signal
—~ —

UAS
Enhancer GAL4 e

eq. Lkb1=GFP :: Lkb1; rnGAL4/UAS CD8 ChRFP

Figure 4: Using the GAL4-UAS lines with fluorescent markers. The transcriptional activator in yeast called GAL4
was used to regulate expression in Drosophila. GAL4 (e.g., from Ikb1>GFP::Lkb1; rn-GAL4/TM3) binds to the
upstream activating sequence (UAS) adjacent to the gene of interest (e.g., UAS (or >) CD8 ChRFP). A genomic
enhancer (e.g., tissue specific endogenous enhancer for rotund) controls the expression of GAL4 in cells and tissues.
Once the two lines in the example above are crossed rn-GAL4 stimulates expression of UAS CD8 ChRFP (gene of
interest) which is displayed as an RFP signal in a pattern reflecting the endogenous genomic enhancer for rotund.

Figure adapted from (14) and made in Biorender.

1.6 RNA induced gene silencing

The mechanism of RNA (RNAI) interference relies upon small fragments of double stranded RNA
(dsRNA) with a matching sequence to a specific targeted gene. This causes interference of expression, of
the targeted gene at a post transcriptional level, having the overall effect of lowering protein level. The
mechanism was first identified in the nematode worm in 1998, and came to be useful for other plants and
animals (17). Gene specific RNA interference is used to investigate the function by suppressing the gene
expression and subsequently any resulting phenotypic effect. A sequence of about 22 nucleotides called
guide sequences, homologous to the gene being expressed is primarily used for the mechanism (18, 19).
The guide sequences interact with a nuclease called an RNA-induced silencing complex (RISC) to break
down specific messenger RNAs (MRNA) (19). The RNAI process is said to be initiated by a nuclease called
dicer (belonging to the RNase 111 family) which produces guide RNAs by destroying dsRNA. Drosophila
has several RNAI stock collections each of which target every coding gene in the genome (found in
Bloomington stock library). For the purpose of this study, RNAI lines were used for targeted knockdown
as shown in Table 5. Other ways to cause lowering of targeted protein activity include expression of

dominant negative protein forms, commonly used to disrupt Rab small GTPases and Kinase signaling.
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1.7 Liver Kinase B1 (LKB1)

The focus of this study has been the vertebrate Liver kinase B1 (LKB1), also known as STK11 (serine/
threonine kinase 11 and XEEKL1 in Xenopus, and is believed to be conserved throughout evolution from
worms to mammals (20). The serine/ threonine kinase has been demonstrated to function as a master
regulator of several downstream kinases, such as AMP-related protein kinases (21). LKB1 was initially
found in the PAR-4 homologue of Caenorhabditis elegans and has been identified to play a major role in
regulating cellular energy balance (20, 22). This might be important in terms of maintaining cellular
polarity, p53 mediated apoptosis, cell growth, acting as a tumour suppressor as well as potentially a
contextual oncogene (23). The latter implies that LKB1, owing to its function as a tumor suppressor can
control bioenergetics and cell growth through regulation of the mammalian target of rapamycin (mTOR)
(24). On the other hand, it also implies that LKB1 has oncogenic function as it can promote tumorigenesis
by enhancing nutrient utilization through interaction with AMP-activated protein kinase (AMPK), fuelling
energy production and promoting cellular growth (25). However, the role of LKBL1 in influencing tumor

metabolism is not quite clear.

LKB1 was initially identified as a tumour suppressor (located on chromosome 19p13), and it was found to
be mutated in nearly 95% of patients having a disease called the Peutz-Jeghers Syndrome (PJS) (26). In
studies in mice, the kinase is constitutively active in a heterotrimeric complex with the mouse protein 25
(MO25) and pseudokinase STE20-related adaptor (STRAD). These two regulators help in determining the
localization of the protein. Previous studies have identified that while LKB1 is primarily shown to be
overexpressed in the nucleus in mammalian cells, it is also located in the cytoplasm in the heterotrimeric
complex (27-29). In addition, it is a key upstream activator of AMPK in turn leading to regulation of

crucial cellular events such as apoptosis, metabolism, and cellular energy balance.

The survival of cells is greatly dependent on their access to a sufficient abundance of nutrients that ensure
successful cell survival and division. The relationship between cellular metabolism and tumorigenesis has
been investigated in the past decades, proceeding the initial discovery by Dr. Otto Warburg that cancer cells
have the ability to convert tremendous amounts of glucose into lactic acid, despite scarcity of oxygen (30).
The observation later gained popularity as the Warburg effect or aerobic glycolysis and has become an

important concept in the context of cancer therapy.

1.7.1 LKB1 structure and localization

All LKBL1 protein activity stems from a single gene in humans and the predominant translated protein
comprises of a 433 amino acids long sequence with regulatory domains at the C- and N- terminal, as well

as a central kinase domain (49 to 309 amino acids). Similarly, single orthologs of LKB1 are found in
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Drosophila (dLKB1), Xenopus, Mouse and Caenorabhditis elegans (C. elegans). dLKB1 is made up of a
sequence of 567 amino acids consisting of a protein kinase region, an ATP binding site, and disordered
regions. A comparison of hLKB1 and dLKB1 is shown in Figure 5, along with a structure alignment to
show structural similarity in space. In vitro studies have shown the activation of LKBL1 in a heterotrimeric
complex with STRAD and MO25, primarily in the cytosol.

hLKB1-433aa | (a) ®) 41 KB1-5672
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Figure 5: Overview and comparison of hLKB1 and dLKBL1. (a) The human LKB1 consists of 433 amino acid
residues as compared to (b) Drosophila LKB1 which consists of 567 amino acid residues. (c) The sequences are
orthologs and show significant alignment when the two structures are superimposed on each other. The sequence
shown is of a selected region of high sequence similarity and the grey sequence highlights irregular alignment or
disordered regions. Sequences were obtained through UniProt, and AlphaFold predicted structures projected using
PyMOL.

The C-terminal of the protein contains three phosphorylation sites: S428, T366, S325. The former two sites
are targets of protein kinase A (PKA), ataxia telangiectasia mutated (ATM), and protein kinase C (PKC)
(31, 32). ATM regulates phosphorylation of LKB1 at T366, which is involved in B cell proliferation
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although not effecting the catalytic activity of LKB1 in any way (33, 34). PKA (cCAMP-dependent protein
kinase) and p90 (RSK) phosphorylates S428, not affecting the kinase activity of LKB1 but playing a role
in suppressing cell growth (35). S325 of LKB1 is a target of extracellular signal-regulated kinases (ERK
proteins). The nuclear localization signal (NLS) and an additional phosphorylation site (S31) are all present
in the N-terminal (33). Mutations at the autophosphorylation sites T336 or S428 have shown to mitigate
the ability of LKB1 to promote G1 arrest in G361 melanoma cells (33, 35). The protein residues in LKB1
either phosphorylated or autophosphorylated by upstream regulators such as kinases are highly conserved
in Drosophila (36). LKB1 is believed to interact with phospholipids for the purpose of direct binding to
membranes. LKB1 contains autophosphorylation sites (T185, 3404, T336, T189) and a prenylation motif
at the C-terminal. The motif can be farnesylated (addition of farnesyl group to a Cysteine) in cells within a
CAAX box (where C is cysteine, A is any of the aliphatic amino acids and X, any amino acid) generating
a lipid membrane localizing signal and promoting membrane targeting (31-33). It has been shown in
Drosophila germ line that blocking of efficient farnesylation leads to improper cortical binding and also
disturbs polarization of the oocyte (37). However, it was found that the farnesylation motif alone in not
sufficient for association of LKB1 to the cell cortex as shown by Martin et al. (using last 15 residues of
LKB1 fused to GFP) (37). Thus, protein modifications, or membrane binding domains apart from the
farnesyl motif in LKB1 are needed for proper cortical association (38).

1.7.2 LKB1 in Drosophila

LKBL1 in Drosophila (dLKB1) was identified in mutants affecting the localization of maternal Staufen
protein in germline clones (37). The protein has strong homology with the human tumor-suppressor LKB1
and has an important role in polarity control in follicle cells of the epithelium (37). It was identified through
biochemical experiments that demonstrated that LKB1 acts upstream of PAR-1 and tau (39). AMPK is a
downstream target of LKB1 under energy stress to control mitosis, growth, and cell polarity. It has been
shown in the retina that dLKB1 interacts with PAR-1 and several AMP-related kinases to regulate polarity
(40). dLKB1 induces apoptosis and negatively regulates organ size, without having any effect on the cell
cycle progression (41). In Drosophila, LKB1 mutants are shown to lose cells polarity, also leading to
defects on the structure of the cytoskeleton (42). Larval neuroblasts consisting of LKB1 mutations lead to
defects in apical polarity. Par-6 is involved in recruitment of aPKC and Bazooka, both of which are
important for establishing the apical domain. Thus, loss in polarity is seen through improper localization of
Bazooka, Par-6 and aPKC, resulting in polyploid cells in the larval brain (43). It was identified that LKB1
thus has a role in cell polarity, and the regulation of cell responses to energy stress. In fact, LKB1 was

initially identified as a tumor suppressor due to its link to PJS (44). Later on, a dual nature of LKB1 was
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identified due its ability to promote or halt cancer progression calling it a contextual oncogene with a dual
role (45).

1.7.3 LKB1 as a tumour suppressor

Patients with PJS have been proved to have a high susceptibility to developing malignancies, originating
from missense mutations of the conserved kinase and regulatory domain of LKB1. These mutations have
proved to cause decreased kinase activity of LKBL1, in turn affecting its overall function (44). This stressed
the importance of investigating the role of LKB1 as a tumor suppressor through studies showing its
involvement in halting cancer progression. Several studies show that LKB1 may have a role in inducing
inhibitors of cell cycle progression, such as p21, p27 and p16 (46, 47). Introduction of wild type LKB1 into
LKB1-null cells halted cell cycle progression at the G1 phase of the cell cycle. The opposite affect was seen
when cells were deprived of LKB1 through knockdown. LKB1 causes G1 arrest regulated through a p53-
dependent o independent manner (27, 48-50). In the former case, LKB1 might be involved in p53-
dependent cellular death through interaction via phosphorylation of p53 (51). In Drosophila dLKB1 induces
apoptosis through the JNK pathway and in a p53 independent manner (41). Mice, which were homozygous
negative for both LKB1 and p53 displayed PJS related phenotypes; characterized by gastric hamartomas,
adenomas and carcinomas in the liver and the GI tract (51).The evidence provides a clear proof of

interaction of p53 and LKBL1 in terms of tumor progression.

Phosphatase tensin homologue (PTEN) is another known tumor suppressor acting upstream of LKB1 and
directly inhibits the PISBK/AKT pathway for oncogenic survival. Its nuclear transport is facilitated by LKB1
and is one of the initial steps needed for regulation of the PI3BK/AKT pathway (52). Loss of function
mutations of both LKB1 and PTEN caused augmented progression of lung squamous cell carcinoma (53).
It has been proposed by Liu et al. in 2011 that the interaction of PTEN and LKB1 leading to regulation of
the PIBK/AKT pathway is independent of the AMPK/mTOR signalling pathway (54). All these studies
show a clear role of LKB1 as a tumor suppressor which can further be assessed by different modifications
of the LKB1 function to get an insight on risk assessment for cancer. However, there are certain reports
which investigate LKB1s involvement in tumorigenesis by increasing viability of cancer cells along with
their ability to metastasize (55-57).

1.7.4 Potential oncogenic role of LKB1

The cellular stress regulatory pathway involving interaction of LKB1, and AMPK has been recognized to
have a possible oncogenic role. The pathway promotes maintenance of homeostasis and regulates cell
metabolism which might aid cancer cells to adapt to hostile conditions and survive under stress (58). A

classic example of a survival advantage under stress was shown by Lee etal in 2015; LKB1
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polyubiquitination by a ubiquitin ligase called S-Phase Kinase-Associated Protein 2 (Skp2) led to poor
outcome in patients of hepatocellular carcinoma (59). A proceeding study showed an augmented activity
and expression of LKB1 in spheroids which were obtained from breast cancer cell lines. In addition, if
LKB1 activity was blocked it led to anchorage-dependent cell death called anoikis (60). Thus, LKB1
promotes survival of circulating tumor cells. In turn, Katia and colleagues established a link of LKB1 with
ERa and ERP (ligand transcription factors) in, in vitro and in vivo breast tumors (55). It was highlighted
that LKB1 as a part of a complex containing metERa/Src/PI3K could lose its properties as a tumor
suppressor and promote cancer progression (55). LKBL1 also has the ability to promote survival of adult T-

cell leukemia/lymphoma (ATLL) by augmenting the expression of miR-34a (45, 61).

The downstream target of LKB1, AMPK has also been investigated as having a role of a contextual
oncogene. AMPK causes internalization of lipids which in turn leads to growth of glioblastoma (62). AMPK
has a role in increasing AKT oncogenic signaling when under stress, via phosphorylation of Skp2.
Resistance of cancer cells to chemotherapy has also been linked directly to increased expression of AMPK
by induction of autophagy (63). Having investigated the possible oncogenic role of LKB1 and AMPK they
may have important implications as therapeutic targets for cancer.

1.8 Biochemical functions of LKB1

1.8.1 LKB1 involvement in polarity control

LKB1 activates many different members of the AMPK super family by phosphorylation, which eventually
contribute to regulating epithelial polarity. These include AMPK, MARK/PAR1 (MAP microtubule affinity
regulating kinases found in several species, like mammals, yeast, and Drosophila), and MST4 (mammalian
STE20-like protein kinase 4). MARK/PAR1 kinases are phosphorylation targets of LKB1 and play a crucial
role in asymmetric cell division and cell polarity control (40, 64-70). MST4 is phosphorylated by LKB1
and eventually causes activation of ezrin, a mechanism involved in induction of the apical brush border
within cells of the intestine (64, 71, 72). LKBL1 has a crucial role in activating the AMPK kinases such that
it causes inhibition of the mTOR pathway involved in autophagy and dealing with cell size. Thus, this
regulation in the primary cilium and the basal body where LKB1 is localized, helps in maintaining the size
of the cell (73). E-cadherin helps in maintaining the localization of LKB1 by binding to STRADu in its
heterotrimeric complex, in turn also maintaining the phosphorylation and activation of AMPK in polarized
cells in the epithelia (74). The activation of AMPK also helps in polarity maintenance and the formation of
tight junctions (TJ), but it is unclear whether LKBL1 is the only upstream activator of AMPK. There are
other upstream kinases such as Ca2+ calmodulin-dependent protein kinase kinase-f (CAMKKf) which

might cause activation of AMPK for TJ formation (65, 70, 75). Studies have shown a rescue of cell polarity
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by introduction of AMPKa in loss of function mutants for LKB1, showing a direct role of LKB1
coordination with AMPK for regulation of epithelial polarity and cellular proliferation (40, 64, 76). In fact,
AMPK and MARK kinases both play a role in regulating epithelial polarity together through overlapping
coordination of their substrates.

1.8.2 AMPK as a target of LKB1

It has been identified in many mammalian cell lines that AMPK activation is prominently regulated by
LKB1 at a specific phosphorylation site in the activation loop (T172) (77). At conditions of low energy, the
levels of ADP and AMP augment. The signal interacts with Cystathionine -synthase (CBS) motifs of the
AMPKYy subunit of AMPK (78). The effect causes the activation of the AMPKa subunit by causing a
conformational change, eventually leading to phosphorylation of Threonine at the 172 position (79).
AMPKa plays a role in restoring energy levels by interacting with other proteins which are involved in
metabolism, cell growth and proliferation (80). A serine residue at position 108 (S108) if phosphorylated,
leads to further allosteric reconfiguration of AMPK allowing for maximal activation of the kinase (78).
Cellular ATP levels are increased in the cell by restoring the catabolic function as opposed to the anabolic

function, as a result of AMPK activation.
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Figure 6: AMPK acts as a heterotrimeric energy sensor. AMPK consists of a catalytic subunit, o (yellow), and two
regulatory subunits: p (red) and y (blue). Binding of adenylates takes place competitively at the y subunit. As the ratios
of AMP/ADP to ATP increase the o subunit gets activated by phosphorylation at T172. AMPK is regulated
allosterically by other upstream activators to resist the action of phosphatases. Figure made in Biorender and adapted
from (79).

It is believed that the ability of LKB1 to function as a tumor suppresser may be linked to the AMPK
activation pathway. The mammalian target of rapamycin (mTOR) is an inhibitory target of AMPK, and
regulates important cellular processes such as cell growth, apoptosis and autophagy as shown in Figure 8
(24). The interaction of LKB1 with AMPK has been shown by their co-localization in ciliated MDCK cells
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(73). The LKB1-AMPK pathway may have a useful role in promoting tumorigenesis despite LKB1s
reputation as a tumor suppressor, leading it to be referred to as a contextual oncogene (60). By regulating
metabolic homeostasis, decreasing oxidative stress, and maintaining NADPH levels, LKB1 can protect
cells from apoptosis and promote cell survival (81). Thus, LKB1 levels are found to be elevated in many
tumors (82). Mutants (null) for AMPK show abnormal cell growth and cell polarity, similar to LKB1
mutants (null), along with a disrupted actin-myosin cytoskeleton (40). Furthermore, AMPK regulates
MRLC (myosin Il regulatory light chain) through phosphorylation in human epithelial cells and
Drosophila. The phosphorylation of MRLC is not affected by inhibition of LKB1 and is further increased
by inhibition of AMPK in vascular smooth muscle cells (83, 84). This may indicate indirect interaction of
AMPK with MRLC leading to regulation of the actin cytoskeleton for polarity control (85). However, the

involvement of AMPK towards polarity control is quite unclear still.
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Figure 7: Schematic representation of farnesylation of LKB1 and its interaction with activated AMPK after
myristolation. AMPKp is myristoylated at membranes which allows activation of its catalytic loop, preceding
phosphorylation at the Thr172. Similarly, LKB1 in recruited to the membrane through farnesylation at the CAAX
box. These lipid modifications localize AMPK and LKB1 to two-dimensional membrane surface making them
necessary for membrane association, polarization of oocyte, as well as activation of AMPK. Figure made in Biorender
and adapted from (86).

AMPK supposedly has a role in inducing mitophagy (control of mitochondrial health) by recruitment to the
mitochondria and association with extracellular membranes, which requires N-Myristoylation at AMPK}
by N-myristoyltransferase 1 (NMT1) as shown in Figure 7 (87). This in turn promotes cell survival.
Myristoylation is essential for recruitment of the AMPK complex in response to mitochondrial damage as
shown by Liang et al, in H23 cells (87). Myristoylation at the  subunit of AMPK is also important for
AMP activation (88). Furthermore, AMPK interaction with ATG16 (autophagy-related) complex is induced
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in response to the damage to mitochondria in cells which eventually allows removal of damaged
components by autophagy through recruitment to the lysosome. Recently, this has allowed AMPK to
become an important therapeutic target for diseases involved in metabolic perturbation, like diabetes,
obesity, and cancer. One important example in the context is the use of metformin in type 2 diabetes, which
is linked to activation of AMPK and its role in circulating glucose and lipids (89). AMPK activation is
suggested to have anticancer properties, although in some cases such as metabolic stress it may promote

tumor survival, in turn suggesting the role of AMPK as a contextual oncogene (90, 91).

1.8.3 LKB1 and its interaction partners

AMPK and AMP-related kinases are important interaction partners of LKB1, allowing their activation.
However, apart from these several other effectors of LKB1 have been identified in yeast two hybrids using
mass spectrometry analysis (20). LKBL1 interacts with chaperone proteins (Hsp90, Hsp/Hsc79-CHIP) to
help regulate stability and activity. Another target of LKB1 is the LKB1 interacting protein 1 (LIP1), but
the effect of the interaction is unclear (21). Brahma related gene 1 (Brgl) and Estrogen receptor a are
transcriptional factors (TF) indirectly activated by LKB1 and have a role in regulating growth arrest. The
indirect interaction conclusion was made on the basis that there is no proof of these TFs being
phosphorylated by LKB1 (92).
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Figure 8: LKB1/AMPK interaction partners. LKBL1 is activated in a complex with MO25 and STRAD leading to
downstream targeting of AMPK. AMPK is also activated by CAMKK and TGF Activated Kinase 1 (TAK1) and
inhibits mTOR signaling via two distinct mechanisms: through phosphorylation of TSC and phosphorylation of
RAPTOR. Therefore, AMPK negatively regulates translation of proteins, and also inhibits lipid biogenesis by
negatively regulating the activity of acetyl CoA carboxylase (20, 90).
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As shown in Figure 8, LKB1 acts upstream of AMPK as a tumor suppressor and AMPK acts upstream of
the tumor suppressors Tuberous sclerosis complex (TSC) and p53. The activation of AMPK leads to
initiation of catabolic metabolism and a switch to processes that restore energy. This leads to a halt of
proliferation and increased uptake of glucose by AMPK to maintain homeostasis under conditions of
metabolic cellular stress. An imbalance in the AMP/ATP ratio as a response to metabolic stress is essentially
normalized by the regulation of AMPK by LKB1 and intracellular Ca?*, by phosphorylation of AMP at a
specific site (Thrl72) on AMPK at the a subunit. The process is further enhanced by heterotrimeric complex
of LKB1 with STRAD and MO25. Calcium/calmodulin-dependent protein kinase kinase (CaMKK) is also
able to activate AMPK by increased levels of Ca?" as a response to changes in energy stress in the

surroundings.

It has been suggested that LKB1-AMPK regulate TORCL1 (target of rapamycin complex 1) at the Ras-
related protein 7 (RAB7)/ Lysosomal-associated membrane protein 1 (LAMP1) at the membrane exterior
of the lysosome (93, 94). This deduces that membranes play an essential role in providing an appropriate
signalling platform for LKB1 as we see in section 1.10.

1.9 Mutated LKB1 and Peutz-Jeghers syndrome (PJS)

PJS is an autosomal dominant disorder by inheritance most often due to germline mutations in
STK11/LKB1 (on chromosome 19p13.3) paired with a mutation in the second allele of somatic cells (95).
Patients with PJS have characteristic symptoms; hyperpigmentation on the skin, particularly on the hands
and lips, formation of hamartomas at an early age which are benign polyps along the gastrointestinal tract
and increase in incidence of carcinomas (96, 97). A large proportion of mutations identified are null alleles.
These null mutations in the gene were identified as leading to inactivation of LKB1 either due to exonic or
complete gene deletions, insertions, or rearrangements (98-100). In turn, only one missense mutation has

been identified, in the conserved serine/threonine kinase domain, namely L67P (26, 44).

Figure 9: Hyperpigmentation of a patient with Peutz Jeghers Syndrome. The symptoms are characterized by
discoloration of the skin, especially hands and lips and presence of Mucocutaneous pigmentation. Figure retrieved
from (101).
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The most important health condition associated with PJS is the increased risk of development of cancer
(102). The most common malignancy identified in PJS patients are tumors in the breast and gastrointestinal
tract. However, the risk of developing cancer in other regions is also considerably high, such as the lung,
stomach and pancreas as explained in Table 1 (102-104). The frequency of results from two different studies
have been compiled by Giardiello et al and Mehenni et al (102, 104). The former study was a meta-analysis
done across six studies in which a total of 210 patients were observed, showing increase of cancer incidence
by age. The latter was a survival study done within a group of 76 males and 73 females (total 149). The
study showed low incidence of breast cancer as compared to that performed by Giardiello et al for reasons
that are unclear, however the risk of cancer is seen to considerably increase across both studies after the
age of 50.

Table 1: Incidence of cancer in Peutz-Jeghers Syndrome by cancer site (105). The yellow highlighted columns
show the results of the meta-analysis done by Giardiello et al including 210 patients from six studies of different ages
(102). The green highlighted column shows incidence of cancer as examined by Mehenni et al in a total of 149 patients,

73 of which were female and 76 were male (104).

Site/ Cancer Frequency Mean Age Cancer
() (years) Frequency
(fraction)
Breast 34 370 17149
Colorectal 39 45.8 11/149
Pancreas 36 40.8 -
Stomach 29 301 -
Lung 15 - -
Small bowel 13 41.7 4/149
Testis 9 26 -
Gynaecological 9 - 7149
Gastro- 0.5 67 6/149
oesophageal
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Immunostaining studies of LKB1 have shown moderately high levels in the epithelium of the small
intestine, breast, colon, and the stomach of human embryos. Most studies in PJS patients have identified
the presence of LKB1 mutations in the germline in 80-94% of the individuals. Polyps identified in PJS are
only found in 50% of patients (105).

LKBL1 is known as being a suppressor of sporadic cancer through loss of function mutations found
frequently in non-small cell lung carcinomas (up to 17% of cases in population studies performed).
Inactivating mutations as reported in 5% of cancers of the pancreas, cervix, prostrate and melanomas (25,
33, 106). The characteristic of a hemizygous loss of function of 19p of LKBL1 is identified in many cancers,
which implies a haploinsufficient function of LKB1 as a tumor suppressor. Some cancers such as breast
and testicular cancers show inactivation of LKB1 epigenetically, through promoter hypermethylation (107).
There is relatively frequent occurrence of negative mutation analysis in LKB1, up to 28%, which could be
due to de novo mutations (frequent in children) with a position unknown in the gene loci or as a result of
mosaicism (95). An important aspect to note here is that the levels of LKB1 and not only loss of its function
are important to investigate. Mechanisms of controlling levels of signalling are therefore relevant, but
currently lacking.

1.10 Endosomal and lysosomal regulation of LKB1

It has been suggested that LKB1 in Drosophila and human cells associates with endosomes and is regulated
by endocytic trafficking. LKB1 passes from RABS5 to RAB7 compartments (which facilitates the
maturation of Rab5 vesicles to Rab7) and CI11-PI3K inactivation causes increased LKB1 signalling and in
turn epithelial disruption (108).

AXin is a scaffolding protein and has been shown to directly interact with LKB1 and AMPK directly and
cause phosphorylation of the latter in an AMP-dependent manner. Insufficient AMPK activation occurs if
AXxin is knocked down in mice models, in turn resulting in accumulation of fat in the liver (109). It has been
shown in mouse embryonic fibroblasts that the scaffold of Axin, LKB1 and AMPK reaches the late
endosome to form a complex with the lysosomal v-ATPase-Regulator complex (93). The formation of the
complex aids LKB1 in the activation of AMPK. If the formation of the complex is halted by knocking down
one of its components called LAMTOR1, AMPK is no longer activated (93). Moreover, Metformin, a
treatment used for type 2 diabetes is shown to cause the formation of the Axin-LKB1-AMPK-v-ATPase-
Regulator complex and stimulate the activation of AMPK in the lysosomal dependent manner. In fact,
stimulation by metformin has also been shown to increase lifespan in Caenorhabditis elegans (C. elegans)
(110).

It is not known that Axin is a general activator of the function of LKB1 or specifically aids in its downstream

substrate recognition or phosphorylation of AMPK. However, what is an established fact is that Axin is a
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core component of the Wnt pathway (an important target in tumor cells) as being part of the p-catenin
destruction complex (111). Thus, it is speculated that Axin might have a role in the interaction between the
Whnt/ B-catenin- and LKB1/AMPK signalling pathways.

While LKB1 can be activated in an endosomal dependent manner, it has also been demonstrated in
epithelial cells that dLKB1 and hLKBL1 can be negatively regulated (112). On the endosomal membrane
the class Il phosphatidylinositol-3-OH kinase (CI11-P13K) comprises of a catalytic subunit called vps34
and regulatory subunits called vps15 and Beclin-1. CIII-PI3K is involved in two different mechanisms
namely autophagy and endocytosis distinguished by the presence of ATG14 or UVRAG respectively. CllI-
PI3K associates with RABS5 for association with early endosomes and later vesicle maturation leads to
RAB7 positive endosomes (113, 114). Production of phosphatidylinositol 3-phosphate (Ptdins(3)P) by
PI3K makes a binding site for WD repeat and FYVE domain-containing 2 (WDFY2). WDFY2 regulates
LKB1 function and the activation of AMPK which maintains epithelial integrity. In human epithelial cells
(Caco-2) normal cyst formation was disrupted when Cl111-PI3K was pharmacologically inhibited (112). The
inhibition of LKB1 by CIII-PI3K-WDFY2 is important as the loss of this inhibition leads to the oncogenic
traits of LKB1 (112).

1.11 LKB1 as an indirect regulator of autophagy

Autophagy is a process which involves several steps conserved through evolution to allow intracellular
self-degradation. The housekeeping function of the process allows it to remove proteins and organelles
from cells under basal conditions. Autophagy induced on starvation upon metabolic stress can allow to
maintain homeostasis by degradation of substrates for energy production (115). Defects in autophagy have

been proved to be involved in cancer, neurodegeneration, as well as aging (115).

Autophagy is induced and regulated in response to energy stress, on activation of AMPK (116). AMPK has
been conserved through evolution as an energy sensor and regulates homeostasis by restoration of energy
through regulation of downstream pathways, such as negative regulation of lipid biogenesis and protein
translation (as shown in Figure 10). AMPK, being a downstream target of LKB1 negatively regulates the
serine/ threonine kinase mTOR, involved in nutrient sensing, proliferation, and growth (24). Since AMPK
is directly involved in the control of the central energy checkpoint in the cell, it can be said that LKB1
indirectly plays a role in energy metabolism in the cell. Furthermore, LKB1 mediates the effect of low
energy on the viability of cells, which means that cells which lack or are deprived of LKB1 undergo
apoptosis during metabolic stress since the checkpoint is flawed, and cells are unable to detect low energy
levels (77). In C. elegans dauer it has been shown that LKB1/AMPK signalling is needed for long term
survival of cells (117). On the other hand, mice embryos that were mutant for LKB1 or double mutants for

LKB1 and AMPK have proved to show early lethality, due to inability to detect metabolic stress leading to
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apoptosis (118). AMPK is a negative regulator of mTOR signalling, thus the LKB1/AMPK pathway is
believed to promote autophagy by regulating the activity of mTOR (119). The classic way of initiating
autophagy is through RNAi knockdown of Chico, an important substrate of insulin receptor, or through
starvation in low nutrient conditions as shown in Figure 10 (120). The LKB1-AMPK regulation of mTOR
is directly linked to autophagy but AMPK can also directly regulate autophagy through a mechanism
involving the phosphorylation of Unc-51 like autophagy activating kinase 1/ Atgl (ULK1/Atgl)(121).
LKB1 itself may also lead to direct stimulation of autophagy by regulating p27 but the exact mechanism of

a starvation-induced autophagy through LKBL1 signalling in vertebrates is still unknown (122).
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Figure 10: Regulation of autophagy by insulin signaling and starvation. (a) The conventional activation of
autophagy happens through starvation when insulin signaling is blocked. In low nutrient conditions or genetic
starvation where Chico, an insulin receptor substrate is inactivated, AMPK is activated which phosphorylates ULK1,
at two different sites. ULK1 phosphorylates Beclinl which works along with other components to first form a
phagophore and then conjugate through Atg-dependent pathways (Atg5-Atgl12) to an autophagosome. (b) In the case
of overnutrition, or overexpression of Chico, PI3K is activated, which eventually allows activation of mTOR and
inactivation of AMPK. The TORC1-mTOR complex inactivates ULK1 so mammalian autophagy cannot be induced.

Figure adapted from (123) and made in Biorender.

It has been shown in previous studies that LKB1 interacts with AMPK on endosomes as a result of lipid
modification (108). LKB1 has a functional CAAX box where prenylation happens and AMPK is
myristolated, both being present on the membranes. Furthermore, it has been shown by O’Farrell et al. that
LKB1 associates with Rab5 and Rab7 vesicles near to the plasma membrane. Blocking the effect of vps34

or Rab changes the localization of LKB1 and leads to augmented activation of AMPK (112). Another
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research group claimed that basic lysine residues if mutated in LKB1 are important for localization on
vesicles (124). However, the journey of LKB1 from the plasma membrane to its destination is not clear, in
terms of questions of whether it is sorted, recycled, or associated with other organelles. Also, the role of
LKB1 in autophagy has also not been investigated, which should be positively regulated with AMPK.

2. Aims and Objectives

The primary aim of the study is to map out the localization of LKB1 and its activity under normal conditions
and when modulating trafficking regulators, while also taking interest in the localization and activity of
AMPK. To accomplish this, we will disrupt normal trafficking to identify key regulatory steps. Finding out
whether LKBL1 recycles to membranes or to the lysosome or both and whether AMPK as a downstream
target of LKB1 has an overlapping route.

Specific Objectives:

e A major objective is to develop tools capable of monitoring LKB1 location in control and marked
tissue side-by-side within the same tissue. Develop three recombinant fly lines with overlapping
usefulness capable of labelling an area within a field of cell expressing GFP-tagged LKB1
(recombinant fly lines shown in appendix I1).

e To confirm the validity of the approach, several lines of control experiments were needed — LKB1
non-localizing mutant, LKB1 RNAI and disruption of known LKB1 trafficking regulators, such as
Wdfy2 and vp34 designed to reveal delocalization or inactivation of LKB1, by monitoring GFP
expression.

e Inducing autophagy through genetic starvation, by disrupting insulin signaling regulators such as

Chico and see its effect on the localization and levels of LKBL1 as an effect of autophagy.
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3. Materials and Methods

3.1 Working with flies

Flies were bred at 25°C or 18°C and a humidity of 65% at the typical conditions of food, unless otherwise
required. The former temperature allowed the fastest generation time of about 9 to 10 days until the
emergence of the adult while the later temperature increased the generation time by about 2 to 3 days. Flies
kept at 25°C were maintained once every week by substituting vials having old food with vials having

newer food.

3.1.1 Fly Food

The standard medium was made with 80 g agar, 300 g dry yeast, 360 g instant potato mash, 660 g sugar,
22 g of Nipagin in 50 mL of ethanol, 50 mL of propionic acid solved in 11 L of water. Culture vials of

28.5ml were used to fill up with fly food.

3.1.2 Anaesthesia for flies

Carbon dioxide was used to anaesthetize flies for the purpose of examination. The container for flies was

emptied onto a rectangular pad connected to a carbon dioxide outlet to anaesthetize the flies.

3.1.3 Virgin collection

All crosses that were set-up with male and female flies were set with virgin flies (8) of known genotype.
Once the virgin female is fertilized after the event of mating she can lay eggs for many days, since she has
the ability to store the sperm in the spermathecae and seminal receptal. The characteristic features of the
virgin female include a dark meconium in the gut and translucent body, which is visible through the ventral
abdominal wall. Within 5 hours of emerging from the pupal case the female is consider immature, hence
repeated emptying of vials is key to quickly collecting virgins. A watercolour brush of size 6 or 4 was used

to move around the flies and observe the flies and spot the virgins.

Figure 11: Drosophila virgin fly. The virgin female has a translucent body and visible presence of food/

meconium in the gut.
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3.1.4 Identification of markers for distinguishing genotypes

The fly stocks which were used consisted of distinguishable phenotypes, either present in balancer
chromosomes as markers or otherwise, through P-element insertion. Selection of virgin females and males
was done on the basis of these markers for the purpose of our genetic crosses of interest (refer to Appendix
111, for visual representation of markers). Table 2 summarizes the key markers that were used to distinguish
and select fly populations of interest. A watercolour brush of size 6 or 4 was used to move around the flies

and observe the flies and spot the virgins.

Table 2: Drosophila fly genetic markers and phenotype. Balancers used in study along with their characteristic
markers are shown. For visual representation of the genetic markers observed during the study, please refer to the
appendix.

Selection Marker — presence in balancers Phenotype

Tubby (Tb) — present in TM3, Tubby larvae and adults, with shorter body segments and reduced size of

TMéc the fly overall.
Stubble (Sb) — present in TM3 and Flies characterized by shorter bristles
TMé6c
Curly (Cy) — present in CyO The wings curl away from the body such that the flight is sometimes
affected
Drop (Dr) The size of the eye is severely reduced and contains less than 30

ommatidia. The shape of the mutant eye resembles an inverted drop

Serrate (Ser) Repression of wing so it shows as if it is sliced and also discoloured
Sternoplural (Sp/sp) Can exist as loss of function and gain of function. Effects the number of
bristles.
w+ (X-linked marker) Red eye
w- (X-linked marker) White eye
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Table 3: Selection of markers from a genetic cross. This particular genetic cross was performed in order to cross
with our double balanced recombinant stocks of interest (refer to Schemes in Appendix 1), to eventually make stable
stocks for experiments related to localization of intracellular trafficking regulators with LKB1. The table shows a few
of the many possibilities of the AB cross. Our desired genotype was (c), and that could be obtained by selection against
sp (sternopleural) characterized by an increased number of bristles. An interesting point to note here is that (b) will
die due to presence of double balancer emerging together on the 3™ chromosome making the fly lethal. In such a cross
the expected percentage of getting the correct outcome (c) was 25%.

A: [kb1>GFP::Lkb1; Dr/ S-T
B: sp/ CyO; Dr/ TMéc

(a) (b)

sp/ [kb1>GFP::Lkb1; [lkb1>GFP::Lkb1/ CyO;
Dr/ + Dr/ S-T

AB

() (d)

lkb1>GFP::Lkb1/ CyO;|sp/ Ikb1>GFP::Lkb1;
Dr/ TMé6c Dr/ TMé6c

3.2 Larvae Dissection and collection of wing imaginal discs

Wing discs were extracted from larvae at the 2nd instar or 3rd instar stage. The larvae were put on a drop
of 1XPBS (8 g NaCl, 0.2 g KCl, 0.24 g KH2PO4 in 800 mL of distilled H-O, 1.44 g Na;HPO. The pH was
adjusted to 7.4 with HCI. And the volume made up to 1 L with H;0) and dissected using forceps (Dumont
# 5) and a syringe under a light microscope. The wing discs along with the other discs are attached to the
trachea and the brain. The wings were fixed in 4% formaldehyde (in 1XPBS) in a 12-well plate for 20
minutes followed by two washes with 1XPBS for 20 minutes each. After that they were stained as required
with 1ug/ml of Hoechst for nuclear staining and mounted on to a slide using n-Propyl gallate (NPG) for

imaging. The wings were imaged using transmitted light microscopy or confocal microscopy.

3.2.1 Fixation and antibody staining of wing discs

After dissection of larvae to extract the wing imaginal discs, they were fixed in 4% formaldehyde and then
rinsed three times in PBT (1XPBS and 0.1% Triton X). Following that three washing steps were performed
in PBT with a 20-minute incubation each. The discs were permeabilized by incubating them with PBS with
0.1% Triton X and 0.5% BSA for 20 minutes. The primary antibody (diluted 1:300) was added in PBS with
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0.1% Triton X and 0.5% BSA and the sample was kept overnight at 4°C on a rocker. The next day, the
primary antibody was removed, and the discs were washed three times in PBS with 0.1% Triton X and
0.5% BSA for 20 minutes each. Following that, the secondary antibody was applied (diluted 1:500) in PBS
with 0.1% Triton X and 0.5% BSA for two hours at room temperature, or overnight at 4°C on a rocker.
Afterwards the discs were washed three times with PBS with 0.1% Triton X and 0.5% BSA for 20 minutes
each. Subsequently, the discs were stained with Hoechst (10ug/ml) for 20 minutes (Hoechst solution 1:
10,000 in PBT) and washed once with PBT. Finally, the discs were mounted onto a microscope slide in
NPG.

3.3 Fly stocks

Fly lines were either made by site-specific insertion or random insertion using P-elements. These were

taken from different sources as shown in Table 4.
Table 4: Fly lines and sources.

\YETe) Description Reference

(Chromosome)

'rn-Gal4/ TM3 | Chr3 | Gal4driver line. Expressed inaring in | Bloomington |
the leg disc, in an antennal portion in | #8142
the eye disc, a central region of the
haltere disc and in the central and

notum of the wing imaginal disc.

sp; >ChSNF1a/S-T | Chr 2, Chr 3 mCherry-tagged SNF1A/AMP- | Bloomington
activated protein kinase expressed | #32182

under control of UAS promoter

> mCD8ChRFP Chr3 Cherry RFP fused to mouse CD8 | Bloomington
extracellular and transmembrane | #27391
domains under control of a UAS

promoter

*Remaining contents of the table, on the next page
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en-Gal4, ChAtg8/ S- | Chr 2, Chr 3 Expresses Gal4 in the posterior | Bloomington
T compartment of embryonic segments. | #1460
Expresses mCherry-tagged Atg8 a

nuclear localization sequence under

UAS control.
Ikb1>GFP::Lkb1; Chr 2, Chr 3 GFP driven LKB1 expression in the
Dr/ S-T cell membrane.
sp/ CyO; Dr/ TM6c¢ Chr2,Chr3 Double balancer stock
Ikb1>GFP::Lkb1; Chr 2, Chr 3 GFP driven LKB1 expression in the
rn-Gal4/ TM3 cell membrane. Gal4 expressed in a

ring in the leg disc, in an antennal
portion in the eye disc, a central region
of the haltere disc and in the central

and notum of the wing imaginal disc.

ap-Gal4; Chwdfy2/ | Chr 2, Chr 3 Expresses Gal4 in the dorsal
S-T compartment of embryonic segments.
Expresses mCherry-tagged Wdfy2 in
the endosomes under UAS control.

> Chwdfy2 Chr3 Expresses mCherry-tagged Wdfy2 in

the endosomes under UAS control.

3.3.1 Wild type LKB1 stock

The original stock was obtained from Dogliotti et al and was generated using phiC31-mediated germline
transformation on attp40. The expression of LKB1 was obtained as a result of an endogenous promoter to
express GFP-tagged LKB1. The cDNA of wild-type LKB1 was cloned into pENTR using a standard
polymerase chain reaction (PCR) on a full-length EST clone as a template (Drosophila Genomics Research
Centre). The forward and backward primers wused are as follows; LKB1-F: 5°-
CACCATGCAATGTTCTAGCTCTCGG-3’, LKBI-R: 5- CTACGAAGTTCGGCAGTGG-3’.
Expression of LKB1 from its endogenous promoter was done by inserting a genomic fragment into pENTR
(placed 1kbp downstream of the stop codon and 2.8kbp upstream of the translation start site). The following
primers were using for the insertion; LKBlgen-F: 5’-GGCTCCCACTAGCGTAATTTGACGG-3’,
LKB1gen-R: 5 CTCGAGCAGCCAGTACGGTCATCTC-3’. The start codon was replaced by an Xbal
cutting site in a PCR with the following primer: LKB1gen-Xbal-F-
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GGCTCCGCGGAGGTTTTICTAGACAATGTTCTAGCTCT-3’. GFP was inserted using PCR and
standard ligation after being inserted into the Xbal site.

3.3.2 Balancer stock

A double-balanced (DB) stock was conveniently used to introduce balancers to flies. Presence of two
balancers in the stock ensured a high chance of maintaining the genotype of flies being made.

Chromosome

rd
Double Balancer Stock (DB) 2™ 3

sp Dr
Cy0 "TMéc

3.3.3 Stocks used for RNAI experiments

Table 5: RNAI fly lines used for knockdown of controls.

Stock Number RNA.I lines

1216 >LKB1IR (on the 3" chromosome)
1236 >LKB1IR/ S-T

1150 >WDFY2IR/S-T

1211 >apvps34IR/S-T

3.3.4 RNAI line used for starvation experiments

For knockdown af Chico lkbl > GFP :: Lkbl _::' ChicolR
Cyo " TM6e

3.4 Collection of recombinants

The genetic crosses and schemes needed for generation of our three fly-lines can be found in the Appendix
I1. In order to generate recombination, it was ensured that an unbalanced virgin female was crossed to our
double-balanced stock. The larvae at the 2nd and 3rd instar stage and pupa were observed under a light

microscope using a green light beam (510 — 540nm) with an 600nm long-pass RFP filter. Larvae displaying
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fluorescence in imaginal discs, and pupa displaying fluorescence in the wing region were selected and
allowed to grow into adults. Adults were examined for balancer phenotypes to ensure they were balanced.

In the case where fluorescence was not visible through a light microscope, two different methods were
followed. The first method involved, selection of random pupa, and observation on a high-powered
microscope through arranging carefully on a slide with the pupa sandwiched in between the cover slip and
the slide using a double-sided tape. The second method involved identification of recombinants through

high colour of adult flies.

3.5 Confocal and Wide-field Microscopy

Whole mount images of the Drosophila larval wing disks were captured in the Olympus Fluoview FVV3000
confocal laser scanning microscope using 10X, 20X and 40X objective (with silicon). The software used
was ImageJ with Olympus plugin. The same images were also captured in the Leica DMI60000B Wide-
field microscope at an objective of 10X and 20X. Pupa were also examined to spot recombinants in the
later microscope using 10X as objective.

Structural prediction modelling was done in PyMOL, Molecular Visualizing System and through
ColabFold: AlphaFold2 using MMseqz2.

3.6 Reagents

Table 6: Antibodies and mountants used

Name/ Catalog number Supplier Application

Rabbit anti-GFP polyclonal antibody, | Thermo Fisher Scientific Antibody staining of wing discs
A-11122

Fluorescein (FITC) AffiniPure Goat | Jackson ImmunoResearch | Antibody staining of wing discs
Anti-Rabbit IgG (H+L), AB_2337972

Propyl gallate, Cat. No. 02370 Sigma-Aldrich Mounting wing imaginal discs

ProLong™ Glass Antifade Mountant | Thermo Fisher Scientific Mounting wing imaginal discs
with NucBlue™, P36985
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Table 7: Other buffers and reagents

Albumin)

protocol

Chemical/Stock Composition/ Supplier Application Catalog Number
Potassium Chloride (KCI) Merck Component of 1.04936
PBS
Sodium Chloride (NaCl) Sigma-Aldrich Component of 31434N
PBS
PBS (phosphate buffer 0.2 g KCI 0.24 g KH2PO4 Larval Dissection -
saline) 1 liter 1.44 g Na2HPO4 6 g NaCl and Dilution of
800 mL Milli-Q water pH reagents used for
adjusted to 7.4 with HCL antibody staining
Milli-Q water to a total of 1 L
Hoechst Solution (10 1:10,000 Dilution with 1X Nuclear Staining 33342
ug/ml) PBS/ Thermo Fisher Scientific
Triton X-100 (0.1%) Diluted in 1X PBS Antibody staining 9036-19-5
protocol
PBT (Phosphate buffer 1XPBS, 0.1% Triton X-100 | Antibody staining -
saline Tween) protocol
PBSBT 1XPBS, 0.1% Triton X-100, | Antibody staining -
0.5% BSA (Bovine Serum protocol
Albumin)
Formaldehyde (4%) Diluted in 1XPBS/ Sigma- For fixation of 11-0735
Aldrich wing discs
n-propyl gallate 90mM propyl gallate in 90% Mounting wing -
glycerol and 10% PBS, pH 7.4 | imaginal discs
BSA (Bovine Serum Sigma-Aldrich Antibody staining A8531

3.7 Statistical Analysis

ImageJ with Olympus plugin was used to extract raw data from confocal images (for rectangular regions

selected nearly two-cells apart) and were analysed on Microsoft Excel and ImageJ analysis functions to
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https://www.sigmaaldrich.com/NO/en/product/sigma/t8787#:~:text=Triton%E2%84%A2%20X%2D100%20is,as%20a%20routinely%20added%20reagent.

find two parameters: slope average, and average total intensity. A two-tailed t test was done to concur the
difference between parameters, where the null hypothesis stated that there was no difference in means
between parameters (NS-Not Significant). P values obtained from the statistical test with p<0.05 were
considered to be significant, and p<0.005 were considered to be very significant.

3.7.1 Calculation of Slope Average

The values of intensity against distance in microns was copied on excel. As shown in Figure 12, cell C2
was used to get the difference of intensity values, cells B2 and B1, and the same was done for the rest of
the intensity values to get a column C. Cell D2 was used to get the difference of distance values, cells A2
and A1, and the same was done for the rest of the distance values to get a column D. Column E was used
to get values for all the ascending and descending peaks occurring (differentiating them from troughs/ noise)
for intensity against the distance in microns for which the following condition was used:
IF(AND(C3<0,C2>0),1,0). The condition gave a value of 1 to all ascending and descending peaks and a
value of 0 to all the troughs in column E. All the values of intensity difference and distance difference
having a value of 0 were filtered out and only those with a value of 1 were used for calculation of the slope
average (average for gradient of peaks). The gradient or ‘slope’ was calculated as intensity difference
divided by distance difference (Gradient=Intensity difference/Distance difference=y»-y1/X,-X1)) in Column

F. An average of the slope could then be calculated.
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Distance Intensity Condition for filtering
A B C D E
(a) 1 0.0 4957.4 v
2 1.2 4864.7 B2-B1 A2-Al1 IF(AND(C3<0,C2>0),1,0)
3 2.8 4880.7 16.0 1.6 0
4 3.7 48929 12.2 0.9 1
5 5.3 4650.6 -242.3 1.6 0
6 5.9 4850.3 199.7 0.6 1
7 6.8 4589.7 -260.6 0.9 0
8 8.4 4647.3 57.6 1.6 1
9 9.0 4459.6 -187.7 0.6 0
10 9.6 4458.1 -1.5 0.6 0
Peaks obtained
A B c D E F
1 0.0 4957.4_ | | ¥ GRADIENT
4 37 48029 122 09| 1[=ca/ps_]
(b) 6 59 4850.3 199.7 0.6 1 321.292
8 8.4 4647.3 57.6 1.6 1 37.07472
1
12 SLOPE AVERAGE->AVERAGE OF COLUMN F 123.81

Figure 12: Calculation of slope average in Microsoft excel. Column A and B represent Distance in microns and
Intensity, respectively. Column C represents the intensity difference and column D represents the distance difference.
(a) Represents condition specified for extraction of peak values. (b) Represents peaks filtered and Column C and
Column D used for calculation of the gradient or slope. The slope average was calculated as highlighted in yellow, a

value of 123.81 in the given example. The values in the table are not from a real data set and are quoted as an example.

3.7.2 Calculation of Total Intensity

Two different methods were used for the measurement of total intensity for a selected region of a wing disc.
Method (1) was using ImageJ software to get a plot profile for a particular area and then using the ‘Analyse
particles’ function in ImageJ to get the area under the plot. Method (2) used Microsoft excel to plot the
extracted peaks obtained by the same method as in Figure 13 and obtaining a trendline (polynomial type)
for the plot. An integral of the equation obtained from the trendline was used to measure the area under the
graph (for the plot obtained with the troughs/ noise filtered out as in Figure 12 and consisting of only the

peaks) as shown in Figure 13.
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2850
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Calculating Area Under the Plot

y =0.1513x? - 16.139x + 3075.3
Area/Total Intensity = 0.1513x3 - 16.139x2 + 3075.3x

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67
Distance

Figure 13: Calculating Total Intensity as area under the plot. A trendline (blue dotted line) was for obtained for

the plot of intensity against distance. The integral of the equation of the trendline was taken to calculate area under

the plot.
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4. Results

4.1 Genetic recombination can be induced in Drosophila Melanogaster

In accordance with our major aim, we wanted to construct tools which could be used for the purpose of
observing LKB1 localization in different regions of the wing disc and which could be later used to compare
control and marked tissue side-by-side within the same disc. We used the fact that recombination events
occur only in females in Drosophila to our advantage for the construction of these recombinant tools. We
started with a stock consisting of red-eyed (w+) flies with rotund on the 3 chromosome along with GAL4
driver and a TM3 balancer with Stubble (Sb) as an obvious physical marker, and also the Serrate marker
(Ser), rnGAL4/TM3. These flies were crossed with UAS (symbol used for UAS “>") adjacent to gene of
interest sequences either Cherry tagged (Ch) or consisting of RFP; (1) >CD8ChRFP, (2) ChSNF1a, (3)
Chwdfy2. mCD8 would prove as a marker on the cell membrane and could be used to see co-localization
with LKB1. ChSNF1 also known as AMPKa-subunit could be used to map down its interaction with LKB1
by checking for co-localization and for marking the kinase domain region. Wdfy2 localizes on the
endosomes and is also found to interact with LKB1 so its co-localization with LKB1 could potentially give
information about the localization of LKB1 on endosomes (38). After documenting normal localization of
LKB1 with these RFP components, RNAI screening could be performed to disrupt localization and hence

determine which factors are normally important in this context.

The schemes (Scheme 1, 2 and 3) as shown in the appendix (I1) were used for the construction of stable
recombinant stocks. The wild-type GFP-LKBL1 stock was double balanced by crossing with the DB stock.
For the initial cross of gene of interest with rnGAL4/TM3 there was a distinct probability of obtaining flies
which had rn-GAL4 along with gene of interest on the 3™ chromosome across different lines: 33% for
obtaining rn-GAL4/>ChSNF1a, 50% for obtaining rn-GAL4/>ChWDFY2 and 50% for obtaining rn-
GAL4/>mCD8ChRFP. Of that there was another 50% chance of the flies being female (crosses 2, 4 and 6
in Appendix 1) as shown in Figure 14. We checked that RFP was visible at the first cross stage prior to
looking for recombinants. Consequently, virgin females were selected at this stage due to their ability to
cause recombination (as shown in cross 3,5 and 7) in Appendix I. The following stage was crucial for
selection of recombinants which usually showed a florescent pattern on adjacent precursor wings at the
larval and pupal stage (as shown in Figure 14a). Recombinants for >~CD8ChRFP were visible in a light
microscope using an RFP filter, but not for ChWdfy2 and ChSNF1a. The frequency of recombination for
the latter two cases seemed less and the fluorescent properties were weaker in comparison to >CD8ChRFP.
For obtaining recombinants of ChWdfy2 and ChSNF1a random selection of larvae and pupa were done.
These were allowed to grow into adults and the final step of the scheme completed, followed by dissection

and observation of an RFP signal in the rotund region of the wing disc (wing pouch) to see if a recombinant
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was selected as the first place. Flies negative for RFP signal were discarded and the selection was repeated

several times.

An alternative used for identifying recombinants in >ChSNF1a was to do selection by eye color of the adult.
For that purpose, instead of w+(red-eyed) rnGAL4/TM3 line, a w- (white-eyed) rnGAL4/TM6c¢ line was
used. If >ChSNF1a flies were yellow eyed and when mated with white-eyed flies and having induced
recombination would give orange-eyed adults. However, this method and the method of random selection
did not work for the >ChSNF1a line. We were successful in making two double-balanced recombinant fly
lines for >CD8ChRFP and >ChWdfy2 as shown in Figure 14(b) (Scheme 2 and 3 in Appendix Il). These
lines could then be crossed to double-balanced GFP-LKBL1 stock to obtain two recombinant fly lines with
GFP-LKBL1 on the second chromosome and recombinant gene of interest of the third chromosome. These
stocks were suitable for subsequent screening. A summary of selection for and against physical markers
and possibilities of genotypes for generations is shown in Figure 14(b).

( a) Mouth hooks
Trachea
Scheme | Cross Marker/ Balancer (Selection For or Against) Desired Genotype - Probability
1 2 Against Ser and Stubble/ Against TM3 and S-T mGAL4/>ChSNF1a ¥ - 16.5%
3 For Sp. Curly (Cy0O), Tubby/ Stubble (Tm6c) and against sp/Cy0O:rnGAL4 | >ChSNF1a/Tmé6c
Drop
2 4 Against Ser and Stubble/ Against TM3 and S-T mGAL4/>ChWdfy2 ¥ - 25%
5 For Sp. Curly (CyO). Tubby/ Stubble (Tm6c) and against sp/CyO:mmGAL4 | >ChWdfy2/Tméc
Drop
9 Against Sp and Drop. and for Stubble (TM6c) and Curly lkb1>GFP::Lkb1/CyO; mGAL4
(Cy0) >ChWdfy2/Tm6c
Stock Number: 250
3 6 Against Ser and Stubble/ Against TM3 and S-T mGAL4/>CDSChChRFP ¥ - 25%
5 For Sp. Curly (Cy0), Tubby/ Stubble (Tm6c) and against sp/Cy0:mGAL4 | >CD8ChRFP/Tm6c
Drop
10 Against Sp and Drop. and for Stubble (TM6c) and Curly lkb1>GFP::Lkb1/CyO; mGAL4
(Cy0) >CD8ChRFP/Tméc
Stock Number: 150

Figure 14: Genetic recombinants can be obtained in Drosophila through planned crossing schemes and selection
criteria. (a) The 3" instar larvae shown shows RFP signal in adjacent precursor wing region behind the mouth hooks
and either side of the trachea. (b) Shown is a summary of the selection criteria and probability of occurrence to

eventually obtain the desired recombinant genotype. Refer to the Appendix | and Il for crosses and crossing schemes.
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Wing discs from fly lines 150 and 250 were dissected and the presence of the GFP signal and RFP signal
for LKB1 and CD8ChRFP or ChWDFY?2 respectfully (in the rotund region), was confirmed. The images
were taken at 40X on a confocal microscope and are shown in Figure 15. An estimate of the membrane
localization of GFP and RFP represented proteins was done by selecting three different regions for n=1 for
150 and 250 recombinant fly lines. ImageJ with an Olympus plugin was used to obtain a plot profile for a
particular region selected like the one shown in a white rectangular region in Figure 15. This raw data gave
values of Intensity against Distance in microns. The raw data extracted from these regions was used to
calculate three essential parameters; total intensity (area under the plot) which gave information about the
magnitude of the signal or the expression level, number of peaks (which would relate to the signal present
in either the cell membrane or cytoplasm in the number of cells within the region selected), and slope
average of peaks (which would give information about the proximity of the signal intensity to the cell
membrane). The steep peaks or a higher slope average represented close proximity to the membrane.
Broader peaks with a low slope average represented presence of signal in the cytoplasm (including

endosomes and nucleus).

The slope average (for 3 regions) obtained for LKB1-GFP was 120.1 for fly line 150 and 125.3 for fly line
250 respectively as shown in Figure 15. The slope average for CD8ChRFP (localized on the membrane)
obtained was 246.3 and that for ChWDFY2 (localized in the cytoplasm and endosomes) was 116.5
respectively. The total intensity was measured using the ‘Analyse particles’ function on ImageJ and also
using an integral of a polynomial line to find the area under the plot in Microsoft excel. It was found that
the second method in Microsoft excel was more appropriate for our study and thus was used for the rest of
the experiments. A high total intensity and slope average was seen for mCD8 which confirmed its
expression in close proximity to the membrane. Lower levels of WDFY?2 were observed in general

compared to mCD8 as shown by a low total intensity.

Although information for the localization and levels of proteins represented by the RFP signal could be
estimated by the slope average and total intensity values for RFP respectively, the same for LKB1 needed
to be confirmed in the wild-type LKB1 stock (Ikb1>GFP::Lkb1; Dr/ S-T).
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(b) Wild Type 250
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Figure 15: Relative comparison of protein localization in fly line 150 and 250. GFP represents LKB1 localization

and levels, and RFP represents mCD8 and ChWDFY?2 localization and levels using slope average and total intensity,

respectively. Three different regions for one disc were selected and an average of parameters taken for both fly lines

150 and 250 (a) mCD8 represented by RFP consisted of steep peaks with a high slope average and visually seen to

have a membrane-like signal. (b) 250 consisted of the WDFY2 represented by Cherry-tagged signal, consisting of

broader peaks with a low slope average. Inset X-Z section (4-6um) and the line intensity graph is through the indicated

region in white rectangular selection in RFP (red) and GFP (green) sections represented. Scale bars used in all images,

50pum.
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4.2 Expression of GFP-tagged wild-type LKB1 from its endogenous promoter
is found on the cell membrane

To investigate previously uncharacterised LKB1 localisation in wing disc epithelial cells, we investigated
expression and localisation in Drosophila wing imaginal discs. Wing discs were dissected from tubby larvae
from Ikb1>GFP::Lkb1; Dr/ S-T stock as well as the Ikb1>GFP::Lkb1/CyO; Dr/Tméc stock (obtained from
Cross 1 in Appendix 1) and observed for GFP signal using an EGFP (enhanced-GFP) filter and Hoechst
nuclear filter on a high-powered brightfield microscope as well as a confocal microscope. In the initial
observations a low signal of GFP was observed for repeated experiments (n=3). Thus, the process was
instead done using an antibody against GFP and the experiment repeated two times (n=2). A stronger GFP
signal was observed with anti-GFP antibody as compared to without the antibody; average intensity total
(AIT) for anti-GFP antibody with value of 257,200 and AIT for without antibody of 53,450 (80% of
increase in signal magnitude of the GFP). GFP expression showed membrane localization which was
representation of the fact that endogenous wild-type LKB1 mostly localizes to the (lateral) membrane of

the Drosophila wing imaginal disc.

As shown in Figure 16, an estimate of the membrane localization of endogenous LKB1 was done by
selecting several regions in the disc for two separate experiments (n=2) and obtaining a plot profile which
gave values of Intensity against Distance in microns. The steep peaks were representative of close proximity
of LKB1 to the cell membrane while broader and less steep peaks represented probable localization in the
cytoplasm. An overall slope average obtained for 5 regions for n=2 for GFP-LKB1 wild type (using
antibody staining) was 178.7.
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Figure 16: Endogenous GFP-LKB1 localizes to the plasma membrane in Drosophila wing discs. (a) For
experiments repeated two times (n=2) using anti-GFP antibody, LKB1 was found to localize mostly in the (lateral)
cell membrane. The blue signal is the Hoechst nuclear signal, and the green signal is for LKB1wr-GFP (b) The yellow
rectangular region in (a) highlight regions randomly selected to retrieve raw data on ImageJ (5 regions selected in two
separate discs) for intensity against distance (um). The area highlighted in light green gave the area under the graph
to intensity total for Region 1 of ny (c) A bar graph was plotted for total intensity obtained for 5 regions for n=2. The
AIT was 257200. (d) A bar graph of the slope average was obtained for 5 regions for n=2. The total slope average was

calculated as 178.7. The error bars shown represent standard error. Scale bar is 50um in (a).
4.3 Mutation in LKB1 CAAX box region and LB domain disrupts its cellular
localization

It has been discussed that LKB1 leaves the nucleus to form a heterotrimeric complex and then finds its way
to the cytoplasm. We worked with the wild-type endogenous LKB1 construct which was formed through
site-directed P-element insertion and confirmed it to be mostly present on the cell membrane. As a
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comparative control of LKB1 membrane localisation, we compared a mutant LKB1 version with mutations
in the CAAX (Cysteine to Adenine at 564 position) box region and the lipid binding (LB) domain (Lysine
to Adenine at positions 539-541, 546, 550-551 and Arginine to Alanine at positions 547-548); LKB1
ALBCA, to see if the effect of the mutation is a change of localization of LKB1 as it had been documented
to be in (108) in Drosophila and mammalian cell culture. Wing discs were extracted from tubby larvae
from Ikb1>GFP::Lkb1l LBCA/ S-T stock and observed for GFP. In this case as well, similar to wild-type
LKBL1 initially a weak signal for GFP was seen (with at AIT of 41,500 ). To increase the signal intensity an
anti-GFP antibody was used which increased the AIT to 195828 (80% of increase of signal magnitude for
5 regions and n=2), calculated as area under the plot as shown in Figure 17(a) (shown for Region 1 of nj).
As shown in Figure 17(a,b) the GFP signal seemed to be disrupted for LKB1 ALBCA mutant.

The peaks obtained for LKB1 ALBCA were broader and less steep representing lesser localization in the
cell membrane and probably more in the cytoplasm as compared to endogenous LKB1 wild type (Figure
17d). The slope average for LKB1 ALBCA came out to be 116.3 which was reduced as compared to LKB1
WT which was 178.7 (comparison in Figure 17d). This was representation of the fact that LKB1 localization
in the (lateral) membrane was reduced significantly (although not completely) due to the mutations in the
CAAX box region (farnesylation- deficient) and lipid binding domain.
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Figure 17: Mutation in CAAX box and LB domain disrupts membrane localization of LKB1. (a) The wing discs
extracted from LKB1 ALBCA showed a reduced GFP signal in the cell membrane and between cell-to-cell contacts
when observed in two separate experiments (n=2). The yellow rectangular region highlighted was selected for random
regions to retrieve raw data in ImageJ (5 regions selected in two separate discs) for intensity against distance (pum).
The area highlighted in light green gave the area under the graph or intensity total for Region 1 of n; (b) A bar graph
was plotted for total intensity obtained for 5 regions for n=2. (c) A bar graph of the slope average was obtained for 5
regions for n=2. (d) Shows a comparison between LKB1 WT and LKB1 ALBCA localization.. (¢) Shown is a
comparison of slope average for LKB1 wild type and LKB1 ALBCA. (f) Shown a comparison of average total
intensity for LKB1 wild type and LKB1 ALBCA. The error bars shown represent standard error and statistical

significance was determined using t-test. Scale bar is 50um in (a).

Since we observed decrease in localization of LKB1 in the cell membrane (lateral) for LKB1 ALBCA as
shown in Figure 17d we proceeded by doing structure prediction modelling to find whether the CAAX and
lipid binding domain mutations affect the tertiary structure of LKB1, and via that the effect on levels or
localisation of LKB1 (which is not addressed in previous studies). Figure 18a highlights in red the regions

which were mutated to retrieve the primary sequence of LKB1 ALBCA and that was projected into the 3D
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structure seen in 18c using ColabFold by AlphaFold. When comparing 18b (LKB1 wildtype) and 18c
(LKB1 ALBCA) we observed a change in orientation of a helices in the protein core. This might have an
effect on the binding pocket of the protein affecting LKB1 interaction with MO25 and STRADa to form a
heterotrimeric complex, in turn affecting its localization or stability.

K539-541A, K546A

R547-548A, K550-551A

536 541 546 551 556 561

Mut dLKB1 APVAARAGSALAAARAAALTSCISYRKLSHARTS
536 541 546 551 556 561
WT AdLKB1 APYKKKGSALKRRAKKLTSCISYRKLSHCRTS
(b)

Figure 18: Structure prediction of LKB1-WT and LKB1 ALBCA using software prediction modelling. ()
Represents WT dLKB1 in blue where mutations leading to Mutant dLKB1 (ALBCA) are marked in red; CAAX box
(C546A), and LB domain (K546A, R547A, R548A, K550A, K551A, K539A, K540A, K541A). The grey residues in
the sequence comparison in (a) show the LB and CAAX box mutations. The LKB1-WT structure in (a) was projected
in PyMOL by retrieving from an AlphaFold structure prediction on UniProt. (b) The structure of WT dLKB1 was also
predicted using ColabFold: AlphaFold2 using MMseg2, with side chains shown. (c) In order to predict the effect of
mutations on the structure of dLKB1 the mutations were manually added in the original wild-type sequence for (b),
and the structure predicted using ColabFold.
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4.4 Recombinant fly lines can be used for screening of cellular trafficking

regulators

Recombinant fly lines were used as tools, which were crossed to RNAI lines to cause disruption of normal
trafficking regulators such as vps34 catalytic subunit of PI3K-III and Wdfy2 and also performing
knockdown of LKBL1 to visually see the affect side-by-side in the same tissue. In order to ensure that
selection was done in larvae in which the knockdown construct had been incorporated in our recombinant
line the following genotype was selected (red line used to indicate recombination event).

Selection of Non-tubby larvae

Ikb1>GFP::Lkb1l vnGAL4 |>CD8ChRFP or Ikb1>GFP::Lkb1 1nGAL4 |>ChWdfy2
cyo ! RNAi cyo ! RNAiQ

Non-tubby larvae were selected to increase the probability of selecting the right genotype to see the effect
of knockdown and that on localization of LKB1. Three different areas of the wing disc were observed
spanning through the DV to AP division of the wing disc. The wing pouch was the focus of observation.
Expression for rotund was observed between the wing margin separating the wing pouch from the dorsal
hinge. Expression for apterous was observed in the dorsal region of the wing or the dorsal wing blade.
Expression of engrailed was observed in the anterior region of the wing or anterior-dorsal wing blade and

anterior-ventral wing blades.

4.4.1 Knockdown of LKB1 decreases its localization in the lateral

membrane

The LKBL1 line was under the control of an endogenous promoter and found to be localized in the lateral
membrane. A knockdown of LKB1 was performed to see whether the localization and stability of the
protein is affected with the aims to investigate if it in turn effects the localization and function of other
trafficking regulators. Two different RNAI lines were used for knockdown of LKB1 in our recombinant
stocks 150 and 250: (1) Lkb1IR — no. 1216 (homozygous on the 3" chromosome), (2) Lkb1IR/S-T — no.
1236 (on the 3 chromosome). The probability of selecting the right non-tubby larvae in 1216 was 50%
and the probability of selecting the right non-tubby larvae in 1236 was 25%. The wild-type 150 and 250
from Figure 19 lines were used for comparison to the knockdown effect as shown in Figure 20. Two
parameters were calculated in this case between the dorsal wing blade (where GAL4 is expressed and
knockdown possible) and the dorsal hinge (control region immediately abutting): difference in slope
average (Diff_SlopeAverage_GFP) and difference in AIT (Diff_AIT_GFP) for the GFP region representing

LKB1 localization and levels, respectively. Diff_SlopeAverage GFP was calculated between slope average
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of dorsal wing blade and slope average of dorsal hinge. Diff_AIT_GFP was calculated as difference in AIT
of dorsal wing blade and AIT of dorsal hinge. Negative value represented a decrease in membrane
localization or protein levels. Values of ‘difference’ obtained in Figure 19 between the dorsal wing blade
(rotund region) and dorsal hinge were considered to be natural variation between the two regions for
localization and levels of LKB1. The parameters obtained for wild-type 150 and 250 as shown in Figure 19

were used as positive control to compare the effect on LKB1 localization and levels as a result of its

knockdown.
N=1, Regions=3
Dif_AIT_GFP=-26,498
(a) G Fp RFP M E RG E Dif_Slope Average_GFP=-5.2
1
1
1
o 5 D.vVv
£ 1
ﬂ s 1
f 1
()] H 1
5 :
- 1
T
e :
; 0 40 80
Distance pm
N=1, Regions=3
(b) g
Dif_AIT_GFP=-1580
Dif_Slope Average_GFP=-1.6
1
1
1
=) g Div
LN g '
<
N E 1
0 %
Ql ° !
> = !
- 1
SChWDEVY? 1
Lo ChWDFY?2
= !
; 1357 9111315171921232527293133353739414345474951535557596163
Distance um

Figure 19: LKBL1 localization and levels observed in wild-type 150 and 250 fly lines. A comparison of the dorsal
wing blade, represented as V in the line intensity plot and D in the dorsal hinge is shown. (a) For line 150 GFP
represents LKB1, and RFP represents mCD8. A difference in slope average of -5.2 was seen for the GFP signal and a
different in AIT of -26,498 was seen between the two regions. (b) For line 250 GFP represents LKB1, and RFP
represents Chwdfy2. A difference in slope average of -1.6 was seen for the GFP signal and a difference in AIT of -
1,580 was seen between the two regions. Inset X-Z section (0.9-8um) and the line intensity graph is through the

indicated region in merged panels with RFP (red) and GFP (green) represented. Scale bars used in all images, S0um.
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The effect of the knockdown on the localization of LKB1 was observed in the rotund region, spanned by a
Cherry-tagged or RFP signal. Knockdown was effective using the 1216 fly line where majority of LKB1
membrane localization decreased in the rotund region (Figure 20a, b). Knockdown using 1236 only gave
satisfactory results and it was not as effective as RNAI line 1216 (Figure 20c). The values obtained for
LKB1 knockdown were negative values, representing decrease in localization and levels of GFP-LKBL1 in
the rotund region as compared to dorsal hinge. When using RNAi line 1216 the Diff_SlopeAverage GFP
was calculated to be -12.1 and -21.3 for 150 and 250, respectively. The Diff_SlopeAverage_GFP for both
cases was increased with a negative value, when compared to the wildtype. A greater
Diff_SlopeAverage GFP was seen for 250 knockdown with 1216 RNAI line, and it showed a greater
decrease in slope average for dorsal wing blade region as compared to 150 knockdown. Thus, membrane
localization for LKB1 was seen to reduce more for 250 than for 150. When 1236 RNAI line was used for
knockdown of LKB1 in 150 the membrane localization of LKB1 was seen to reduce the least with a
difference in slope average of only -6.3 (Figure 20c). Thus, it was concluded that the RNAi knockdown of
LKB1 using 1216 reduced the membrane localization of LKB1 more than that of 1236.

The AIT for the GFP signal was measured between the dorsal wing blade and dorsal hinge and the
Diff_AIT_GFP calculated for 150 and 250, using RNAI line 1216 was -83,029 and -86,378 respectively.
This showed reduced magnitude of signal in the dorsal wing blade and reduced levels of LKB1 due to
knockdown. The protein stability or the effectiveness of the kinase domain of LKB1 was seen to decrease
for 150 by 6-fold (compared to wild type in Figure 20a) than that of 250 which was nearly by 20-fold
(compared to wild type in Figure 20b), in RNAIi knockdown using 1216. So, the levels of LKB1 in 250
were decreased significantly more than 150 using 1216 RNAI line. For LKB1 knockdown in 150 using
RNAI line 1236 Diff AIT_GFP was measured to be -26,444 as shown in Figure 20c and was lesser as
compared to 19b or 19a. This showed that the stability of LKB1 protein or effectiveness of its kinase domain
was reduced more when LKB1 knockdown was performed in 150, as compared to 250, and using RNAI
line 1216 rather than 1236.
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Figure 20: Knockdown of LKB1 in 150 and 250 reduces localization of LKB1 in the lateral membrane of rotund
expression region. Inset X-Z section (0.9-8um) and the line intensity graph is through the indicated region in merged
panels with RFP (red) and GFP (green) represented. (a) RNAI 1216 used to cause knockdown in 150. The RFP signal
is for CD8 glycoprotein. (b) RNAIi 1216 used to cause knockdown in 250. The RFP signal is for WDFY 2. Knockdown
was compared in the region dorsal to rotund region. (c) The second RNA. line called 1236 was used to knockdown
LKBL1 in 150. The dorsal hinge and the dorsal wing blade regions were observed to see the knockdown effect. All
images are confocal projections originally consisting of 8-10 stacks of a distance of 1-1.8um. Scale bars used in all
images, S0pm.

It has already been identified in previous studies and our own observation that LKB1 localizes in the lateral

membrane (108). We were curious to see whether RNAi knockdown affected the localization and stability
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of LKBL1 in the apical membrane. We performed knockdown of LKB1, to see the effect of its localization
in the lateral membrane as compared to the apical membrane. For the purpose, the following line was used
to cross with RNAI line 1216, and non-tubby (selection against S-T) were selected for extraction of wing
disc; Ikb1>GFP::Lkb1; rnGAL4/S-T. The chance of selecting the right non-tubby larvae was 100%. As
shown in Figure 21 the GFP signal represents apical membrane localization of LKB1 for two separate discs.
The slope average(s) between regions shown as A and B, and C and D do not look considerably different.
Here, A and C represent the dorsal hinge and B and D represent the dorsal wing blade. Thus, the slope
average values compared between the dorsal hinge and dorsal wing blade stayed approximately the same.
This showed that the knockout of LKB1 in the apical membrane is not effective and thus apical localization
of LKBL stays nearly undisturbed using RNAI line 1216. A slight decrease in AIT was seen in region B
and D shown in Figure 21, which showed that even though the apical localization of LKB1 (shown by
unaffected slope average) was not affected by the knockdown, the levels of LKB1 were reduced. In
addition, a phenotype difference was also observed in adult flies with LKB1 knockdown, having wings

which were more bent as compared to wild type (Figure 21d).
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and cytoplasmic levels. Ikb1>GFP::Lkb1; rnGAL4/S-T was used to knockdown LKBL1 in the rotund expression
region. Two different discs represented for the same cross (n=2) (a) and (b) highlight region A, B, C or D, where A or
C represent the dorsal hinge while B or D represent the dorsal wing blade in the rotund region. (c) Gives a summary
of the measurements of slope average, total intensity, and no. of peaks for regions in (a) and (b). The peaks in the plot
represent apical membrane localization. (d) Knockdown of LKB1 induced wing bending demonstrating a decrease in
stability of LKBL1. (e/f) Shown a comparison of difference in slope average and difference in AIT for LKB1 after
knockdown using fly line 1216 and 1236 in recombinant lines 150 and 250. Error bars represent standard error and
statistical significance was determined using t-test:*** P<0.0005, ** p<0.005, * P<0.05. Scale bar used, 50um.

4.4.2 Knockdown of Wdfy2 increases membrane and endosomal
localization of LKB1

It had been identified by O’Farrell et al. that WDFY2, an effector of PI3K- 111 is a regulator of LKB1 in
Drosophila tissues and human organoid, also proving that LKB1 is involved in PI3K- Il regulated
endosomal signaling (112). In order to confirm the interaction of LKB1 with WDFY2 at the endosomes
and make a speculation about its role in endosomal signaling we performed WDFY2 knockdown in fly
lines 150 and 250, respectively. This would allow us to see any effect on lateral membrane localization and
levels of LKBL1, as well as its effect on localization on the endosomes. A single RNAi line was used for
knockdown of Wdfy2 in our recombinant stocks 150 and 250; WDFY2IR/S-T — no. 1150. Selection was
done against tubby larvae for the purpose of dissection. The probability of selecting the right genotype
amongst non-tubby larvae was 25%. The effect of the knockdown on the localization/levels of LKB1 were
observed in the rotund region, spanned by a Cherry-tagged or RFP signal. Knockdown was effective in fly
line 150 where LKB1 membrane localization increased in the rotund region when compared with the wild
type from Figure 19 as shown in Figure 22. The slope average for GFP signal in the dorsal wing blade
increased as compared to the wild type. Thus, the difference in slope average between the dorsal hinge and
the dorsal wing blade in the rotund region was increased positively when compared to the wild type (Figure

19a, showing no knockdown) (from -5.2 in wildtype in Figure 19a to 2.3 in Figure 22, a 3-fold increase).
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In addition, the difference in AIT in the dorsal wing blade also increased positively as compared to wild
type speculating increase in the levels/ activity of LKB1 as well due to WDFY2 knockdown. Thus, LKB1
membrane localization and stability or levels increases with knockdown of WDFY2 in 150.
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Figure 22: Knockdown of Wdfy2 in fly line 150, increases membrane localization of LKB1. Represents wild type
150 stock with difference in AIT and difference in slope average calculated for the dorsal hinge and the dorsal wing
blade in the rotund region. (b) Represents WDFW?2 knockdown in 150 stock. Inset X-Z section (5um) and the line
intensity graph is through the indicated region in merged panel with RFP (red) and GFP (green) represented. Scale
bars used in all images, S0um.

Wdfy2 knockdown effect on LKBL1 levels and localization was also observed in fly line 250. However, we
could not assess the effectivity of the knockdown in the RFP region as Wdfy2 in fly line 250 is an
overexpression shown by RFP and will not show a reduced RFP signal to WDFY2IR. Knockdown of
Wdfy2 corresponding to the Cherry-tagged signal was not visually decreased in the rotund region as shown
in Figure 23 highlighting the wing margin.. However, some visual increase of LKB1 membrane localization
was indicated in the ventral and dorsal wing blade as marked by white rectangular regions in Figure 23 but
was not comparable with any signs of decreased expression of RFP in the same region due to Wdfy2
knockdown, for the latter reason. The slope average and total intensity for >ChWDFY2 obtained in the
rotund region was 117.9 and 96,344 for Figure 23a (n;, average of 3 regions), and 116.1 and 93,989 for
Figure 23b (n., average of 3 regions) respectively. This showed that the parameters for the RFP signal for
both the wing discs were comparable to the wild type in Figure 19b, showing nearly no decrease in either
localization or levels of WDFY2. An increase in slope average was seen in the dorsal wing blade as
compared to the dorsal hinge for GFP-LKB1 as shown in Figure 23. Two different discs are shown and a
positive increase in Diff_SlopeAverage GFP was seen for both, with a greater increase seen for No..
However, Diff AIT_GFP for both discs was seen to increase positively by a significant amount as
compared to wild type in Figure 19b where the difference was a negative value. These numbers showed

that LKB1 membrane localization increased on WDFY 2 knockdown, and the levels of LKB1 or the stability
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of the kinase domain increased using fly line 250. This experiment of knockdown of Wdfy2 with fly line
250 showed some signs of LKB1 and Wdfy2 co-localization in the endosomes. Shown in Figure 23 is
possible colocalization of LKB1 and WDFY 2, where yellow might represent higher localization and orange

lower localization (marked by white arrows).
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Figure 23: LKB1 co-localizes with WDFY2 on endosomes. Inset X-Z section (6-8um, projection of the z stack) and
the line intensity graph is through the indicated region in a black rectangle in merged panel with RFP (red) and GFP

(green) represented. The knockdown of WDFY?2 for fly line 250 is shown in two separate wing discs (a) and (b). In
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the wing margin and some regions of the ventral wing blade visually an increase in GFP signal corresponding to
increased membrane localization of LKBL1 is seen, marked by white rectangular regions. The merge image in (a) is
zoomed in and shown in purple and yellow rectangular selection representing puncta marked by white arrows. The
merge image in (b) is zoomed in and shown in blue and red rectangular selection also representing puncta marked by
white arrows. (c/d) Shown a comparison of difference in slope average and difference in AIT for LKBL1 after
knockdown using WDFY2IR in recombinant lines 150 and 250. Error bars represent standard error and statistical

significance was determined using t-test * P<0.05, P>0.05. Scale bars used in all images, S0um.

4.4.3 Knockdown of vps34 increases membrane localization of LKB1

LKB1 is a downstream interacting partner of PI3K-111 and associates with Rab5 and Rab7 endosomes as
shown by O’Farrell et al. in both flies and humans. Vps34 is the catalytic domain of PI3K-III and its
inactivation by the same is shown to increase LKB1 signaling causing epithelial disruption (112). In order
to confirm this observation, we used our recombinant tools. The knockdown of vps34, catalytic domain of
PI3K-I11 in recombinant fly lines 150 and 250 was done using the following RNA.i line: 1211, ap>vps34IR/
S-T. Selection was done against tubby larvae for the purpose of dissection. The probability of selecting the
right genotype amongst non-tubby larvae was 25%. The effect of the knockdown on the localization of
LKB1 was observed in the apterous region, spanned by a Cherry-tagged or RFP signal (difference in
parameters calculated for the dorsal wing blade and the ventral wing blade). Knockdown was effective in
150 recombinant fly line as it resulted in increase in LKB1 membrane localization in the apterous region
or dorsal wing blade as compared to the ventral wing blade, as the slope average was seen to increase from
87.3 t0 102.6 (difference in slope average of 15.3) as shown in Figure 24a. However, the RFP signal in the
apterous region was seen to leak from the dorsal wing blade to the ventral wing blade (shown by arrows in
Figure 24). The leaky expression was seen more evidently for >CD8ChRFP recombinant (fly line:150) as
compared to >ChWdfy2 recombinant (fly line: 250) marked by white arrows. We assumed that the leak
could be due to some interaction between the apterous and rotund expressions, which is a phenomenon not
observed in Drosophila wing imaginal disc before. However, nearly no difference in slope average was
seen for vps34 knockdown in fly line 250 as shown in Figure 24b. The difference in AIT for 150 was
increased between the two regions observed with a value of 74337 due to knockdown indicating increased
levels of LKBL1 in the cell membrane (4 times increased as compared to wildtype). As compared to 150, the
knockdown of vps34 in 250 showed lesser levels and membrane localization of LKB1 (10 times lesser
levels and 4 times lesser membrane localization). It would have been useful to compare Figure 24
knockdown effect with a wild type with no knockdown in the apterous region but that was not available.
The phenotype of the wing of the adult fly when originated was observed, and it was seen that the wing had

been discolored, shrunk, and destroyed.

59



(a)

GFP RFP MERGE R AT S

Dif_Slope Average_GFP=15.3

Relative Intensity

vps34IR

LKB1-150 i ap>mCD8

1 4 7 1013161922 2528 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79
Distance pm

(b)

GFP RFP MERGE N=1, Reglons=3
Dif_AIT_GFP=7790
Dif_Slope Average_GFP=0.3

vps34IR

Relative Intensity

LKB1-250 _ ap>ChWDFY2

135 7 9111315171921232527293133353739414345474951535557596163

Distance um

(C) ap>vps34WT ap>vps34RNAI
\

Figure 24: Membrane localization of LKB1 increases in 150 fly line on vps34 knockdown. (a) The knockdown

effect of fly line 150 is shown in which difference in AIT and difference in slope average was calculated for n=2 and
4 separate regions. (b) The knockdown for fly line 250 is shown in which difference in AIT and difference in slope
average was calculated for n=1 and 3 separate regions. The RFP signal in the apterous region was seen to leak from
the dorsal wing blade to the ventral wing blade shown by white arrows. Inset X-Z section (6-8pm) and the line intensity
graph is through the indicated region in merged panel with RFP (red) and GFP (green) represented. (c) A crumpled

wing phenotype for ap>vps34~NAtwas observed as compared to the wild type. Scale bars used in all images, S0um.

In order to confirm that the leaky signal between apterous region and the ventral wing blade did not affect
the GFP signal, we performed knockdown of vps34 in LKB1 wildtype stock (Ikb1>GFP::Lkb1/CyO;
Dr/Tm6 — fly line 500). The results obtained are shown in Figure 25. The difference in slope average

between the dorsal wing blade and the ventral wing blade positively increased. In addition, the difference
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in AIT also positively increased to a lesser level as compared to knockdown in 150 (Figure 24a) and to a
greater level when compared to the knockdown in 250 (Figure 24b).
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Figure 25: Membrane localization of LKB1 increases in LKB1-WT stock on vps34 knockdown. The dorsal wing
blade consisting of the apterous expression, and the ventral wing blade were compared for the effect of ap>vps34IR
on LKBL1 localization and levels. The difference in AIT and the difference in slope average between the two regions
for n=1 and three rectangular selections like the one shown were measured. Inset X-Z section (6pm) and the line
intensity graph is through the indicated region in white rectangular selection in GFP (green) section represented. Scale

bars used images, S50um.

4.5 Induction of starvation decreases localization of LKB1

LKBL1 is known to regulate autophagy via AMPK but little is known about mechanisms to shut this pathway
off. Additionally, LKB1 association with the endosomal system including regulation by vps34 (required
also for autophagy) lead us to investigate the effects of genetic starvation used to induce autophagy and in
turn to see its effect on LKB1 localization. For that purpose, Chico an important part of the insulin signaling
pathway was knocked down to block TOR signaling, in enGAL4,>ChAtg8/S-T fly line (stock number:
1460) and observe the affect in the engrailed region (posterior region of the disc). The Chico RNA. line
used for the experiment was Ikb1>GFP::Lkb1/CyO;>ChicolR/Tméc (initially double-balanced and made
into a stable stock using DB stock). The cross was kept at 18°C to allow more stability in a slower
development mode (as a temperature of 25°C proved to be toxic for the animal). As a negative control
w1118 flies were also crossed to fly line 1460. Non-tubby larvae which emerged were dissected for wing
discs for imaging, and of these non-tubby larvae, there was 25% change of getting the right disc. Cherry
tagged Atg8 protein, involved in the steps leading to conjugation of the autophagosome was used as a
reporter in the engrailed (posterior) region of the wing disc. Change in LKBL1 localization across the
posterior anterior border of the wing disc was observed in the engrailed region (posterior boundary of the
disc) as compared to the rest of the disc (Figure 26). This was concluded by measuring the difference in

GFP signal between the posterior-anterior border of the wing disc using slope average and AIT. The
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difference in slope average for GFP signal was 6.3 (higher in the engrailed region as compared to the rest
of the disc) and the difference in AIT for GFP signal was -20,286 (2 times lower in the engrailed region as
compared to the rest of the disc) as shown in Figure 26b. This showed that the knockdown of Chico in the
engrailed region had increased membrane localization but reduced levels of LKB1, respectively. The
enGAL4,>ChAtg8/S-T fly line was also crossed to w1118 flies as a negative control where no GFP signal
was expected to be seen as shown in Figure 26a. Any GFP signal seen was a background. In order to confirm
the knockdown, it would have been useful to compare Figure 26b knockdown effect with a wild type with

no knockdown (positive control) in the engrailed region but that was not available.
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Figure 26: LKB1 membrane localization is decreased in starvation induced autophagy. (a) As a positive control,
w1118 flies were crossed with enGAL4,>ChAtg8/S-T (1460) where no GFP was observed as expected and an RFP
signal for Atg8 was seen in the anterior boundary of the wing. (b) Chico was knocked down in fly line 1460 in which
ChAtg8 localization was seen in the engrailed (across anterior to posterior boundary) region as an RFP signal. Inset
X-Z section (6-7um) and the line intensity graph is through the indicated region in merged panel with RFP (red) and

GFP (green) represented. Scale bars used in all images, 50pm.
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5. Discussion

5.1 Methodological considerations and limitations

While setting up crosses for construction of recombinant tools some challenges were faced in terms of
getting a stable stock with no contamination with flies from the wrong genotype. These challenges were
faced with fly lines Ikb1>GFP::Lkb1/CyO;rnGAL4|>CD8ChRFP/Tméc (150) and
Ikb1>GFP::Lkb1/CyO;rnGAL4|>ChWDFY2/Tm6c (250). Along the course of the experiment, these lines
were seen to lose the TM6c¢ balancer, observed by the non-stubble phenotype in flies (longer bristles instead
of shorter bristles). It was also identified that some flies had lost their w+ genotype (red-eyed) and had
become w- (white-eyed). Since the rnGAL4/TM3 stock and >CD8ChRFP (used for 150) and >ChWDFY?2
(used for 250) were all w+ this indicated that losing the TM6c balancer had caused the third chromosome
to recombine and lose the recombinant we were maintaining, to eventually become white-eyed. This
problem was solved by discarding these contaminated stocks and setting up new crosses (Cross 9 and 10
from Appendix I). Furthermore, it was observed while maintenance of flies that some stocks had stopped
producing larvae. It was identified that this was due to the fact that the same flies were being flipped
(introduced into a fresh food medium) instead of allowing them to produce adult offspring before flipping.
Since the female Drosophila fly typically lays 100-600 eggs during its lifetime, eventually it becomes
unfertile, thus it was made sure to flip-over the newer generations or set-up new crosses for collection to
allow the cross to keep going. Another threat to Drosophila food medium was possibility of fungal
contamination or mite infestation which had to be taken care of since the issue could harm the culture.
Midst the research we found some stocks in which development was halted due to fungal contamination in
the food, thus eggs did not develop further. This was avoided by regular flipping and keeping the

environment clean.

The aim of the study was to construct 3 recombinant fly lines to observe with LKB1 localization side-by-
side: one with >CD8ChRFP, the second with >ChWDFY2 and the third with >ChSNF1a. However, we
were unsuccessful in construction of a recombinant fly line incorporating >ChSNF1a. The main challenge
of this occurred at the stage of recognizing recombinants in a light microscope as shown in Figure 14a. The
easiest was to identify recombinant larvae and pupae for >CD8ChRFP, where a larger number of
recombinants, with a clear RFP signal in the precursor wings were identified. However, a clear signal was
not seen for >ChWDFY2 or >ChSNF1a. We decided that this could be due to two reasons. The first reason
could be the chance of recombination depending on the inserted position of the gene of interest or the
recombination frequency. In fact, recombination might also be affected by chromosomal rearrangements
such as inversions, fissions, fusions, and translocations (125). If the genes of interest are far apart from each

other, they have a higher chance of recombining or crossing over, as was in the case of >CD8ChRFP and
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rnGAL4 (150 stock). On the other hand, if the genes are closer to each other or to the centromeric region,
they have a lesser chance of recombining, as maybe was in the case of >ChWDFY2 and >ChSNF1la (126).
The frequency of recombination for >CD8ChRFP and rnGAL4 was 3-4% (An average of 6 larvae or pupae
identified on average in a vial containing 3 females and assuming they produced an average of 50 embryos).

Random selection at the pupal stage for recombinants and eventual dissection of adults yielded us a stable
recombinant stock for >ChWDFY2 and rnGAL4 (250 stock). However, since random selection did not
work for >ChSNF1a the method of selection by eye colour was done. The >ChSNF1a stock (fly line 1227)
consisted of the mini white gene (mini-w+), a miniature form of the w+ with yellow-eyed phenotype. The
mini-white gene has a range of eye colour phenotype which may range from pale yellow to red, and this is
dependent on the position at which the gene is inserted in the genome(127-129). The 1227 had a pale-
yellow eye phenotype due to its position through non- specific P-element insertion. Knowing that the mini-
white gene is sensitive to chromosomal position effects, we had hypothesised that a recombinant event with
rnGAL4 would change the position of the gene and cause a change in eye colour to perhaps orange. The
change of eye colour would not be visible when using w+; rnGAL4/TM3 (8142 fly line) due to its red-eyed
background. Thus, another line with a white-eyed background was used: w-; rnGAL4/Tm6c. However, we
were unable to spot a change in eye colour using a w- background as well, perhaps due to low frequency of
recombination or no visible change in phenotype (unlike the predicted hypothesis) due to recombination.

Dissection, fixation, and microscopy were important techniques which were used throughout the study.
While dissecting larvae it was important to make sure that as much of the trachea possible was removed
from the wing disc to avoid it from overlapping the discs while imaging. This was usually done after having
transferred them into formaldehyde (4%) for fixation. This is preferred for two reasons. Firstly, if the wing
discs are kept in PBS for too long (longer than 20 minutes) there is a risk of the live cells to degrade. Since
we wanted to check for localization of the membrane or cytosol, we had to fix the cells while they were
still alive (preserving the structure of the tissue while it is still alive). Secondly, removing the trachea in
formaldehyde (4%) is easier as it is a more viscous solution than PBS keeping the discs from moving around
much. Formaldehyde (4%) no longer than two weeks old was used to avoid unsuccessful fixation. Another
issue that occurred for imaging was appearance of blurry discs. This was an indication of contamination of
the mounting medium. NPG consists of glycerol and bacteria use it as a carbohydrate source (130). It was
made sure to use fresh NPG stocks when a cloudy solution was noticed which indicated possible
contamination. The amount of the mountant added before putting on the cover slip was also important. If
too much was added it would give a chance for wing discs to overlap or turn over. If too less was added it
would cause a lot of air bubbles while mounting the cover slip. Both of these issues created problems for

imaging, so adding an optimal amount was practiced.
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The localization of endogenous LKB1 has not been explored much in previous studies, perhaps due to
challenges of lower expression of the protein and lack of appropriate antibodies for the purpose (74). It was
identified by Sebbagh et al. that endogenous LKB1 localizes in the cytosol and the membrane in MDCK
cells, but not in the nucleus (74). It was suggested by Dogliotti et al. that endogenous LKB1 is particularly
present between cell-to-cell contacts in polarized epithelial cells (both in various Drosophila cell types in
vivo as well as MDCK cells in vitro) (108). We were able to document the same in vivo in epithelial cells
of the wing imaginal disc as shown in Figure 16. After n=2 attempts it was seen that lesser levels of LKB1
were present in the disc as seen by a low total intensity (magnitude) of the GFP signal. Furthermore, the
GFP signal did not seem as membrane-like as we expected, and it was identified that this was due to the
issue of the nuclear signal leaking into the GFP channel. When the wing disc was exposed to a strong 410
nm light, Hoechst was photoactivated and the florescence for EGFP seen at 488 nm was stronger than the
actual/real GFP signal. Eventually, a bleached GFP signal was seen after exposure at 488 nm following
initial exposure to Hoechst at 410 nm. Thus, exposure at 410 nm first was bleaching the GFP signal. In
order to eradicate this issue, in the third attempt it was practiced viewing GFP first on the microscope,
turning the intensity of the 410 nm light down and increasing the exposure time. However, this practice
too did not help, and the problem persisted. Thus, it was decided to improve the magnitude of the GFP
signal, for better visualization of localization, by using anti-GFP antibody. This improved the GFP signal
by a factor of 8. The indirect method of immunostaining was used which allowed to maintain stability of
the primary antibody, however it was a time-consuming process requiring several steps, and this proved to
be a disadvantage . This increased the chances of damaging or losing the wing discs collected while
exchanging the medium, and during the washing steps (131). Another cost of using antibody against GFP
was the risk of non-specific binding. This was especially seen when after using an antibody against GFP
the slope average was seen to increase from 120 (Figure 15) to 178 (Figure 16). The antibody staining was
only expected to increase the signal magnitude (shown by increase of total intensity), however it should
have not shown a change (increase) in localization of LKB1. This non-specific binding may have occurred
from binding to endogenous Fc receptor (FcRs), protein present on the surface of certain cells, or certain
mutual effect of ionic and hydrophobic interactions (132). According to Buchwalow et al. amending the
protein blocking steps in the traditional antibody staining protocol may improve the problem of non-specific
binding (132). In addition, using a different combination of primary and secondary antibodies to determine
localization of LKB1 might prove to be useful.

In the context of statistical analysis, we mentioned earlier that in order to calculate the total intensity the
method of area under plot of extracted peaks was preferred (method (2) from section 3.7.2) rather than the
‘Analyze particles’ function in ImageJ (method (1) from section 3.7.2). This was because the analyze

particles function also took into account the ‘noise’ or troughs in the plot. While on the other hand, Figure
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13, which used method (2) calculated area under graph from a plot in which noise was filtered out. Since
we were obtaining plot profiles with only the peaks extracted from which the slope average was calculated
(Figure 12), we decided it would be more appropriate to calculate the intensity total using a trendline of the
same plot. This was an attempt to standardize the method (plot with peaks with noise filtered out) from
which the two important parameters in the study were calculated: slope average and total intensity.
Furthermore, on calculating the total intensity using both the methods, it was seen that the ratio of difference
between two regions being compared was nearly the same. The plot profiles (raw/ unfiltered for peaks) in
Figure 21(a) and (b) show total intensity calculated by method (1) (directly from Image J) and also by using
method (2). The ratio difference using both methods was 1.0 when comparing regions, A and B, and 1.25

when comparing regions C and D.

5.2 General Discussion

It had already been shown by Dogliotti et al. that mutation in the CAAX box (using LKB1csssa mutant)
does not affect lateral membrane localization of LKB1 in epithelial cells of embryonic epidermis (108).
However, CAAX box and lipid binding domain mutant, LKB1 ALBCA did show a prominent change in
localization in the lateral membrane of the Drosophila wing imaginal disc. This is seen by presence of
broader peaks for LKB1 ALBCA as compared to steeper peaks in LKB1 wildtype in Figure 17d. However,
presence of some steeper peaks is still seen thus some membrane localization still remains, as visually seen
after mutation of the CAAX box and lipid-binding domain. The differences in slope average and total
intensity obtained for LKB1 wild type and LKB1 mutant were significant as shown in Figure 17e and f,
with the P-values<0.05. Thus, the differences in localization and levels/ stability of the kinase domain of
LKB1 between the wild-type and mutant were real. An interesting observation was comparison of the slope
average of LKB1 ALBCA (in Figure 17) and that of WDFY?2 in Figure 15b. The value for slope average
obtained for both was approximately 116. Since we know that WDFY 2 localizes in the cytosol (endosomes
and cytoplasm), this could help us conclude that the ALBCA mutation, in fact reduces membrane

localization of LKBL, to the extent that most of it has the same localization pattern as WDFY?2.

Furthermore, we decided to make a stable stock for LKB1 ALBCA double balanced and with the
>ChWDFY2 recombinant (i.e., LKB1 ALBCA/CyO; rnGAL4[>ChWDFY2/Tmé6c). We were hoping that
this would help us conclude better if the localization of LKB1 ALBCA is the same as >ChWDFY?2 (in the
rotund region) side-by-side in the same disc. However, due to the interest of time the experiment was not
completed. On our existing findings it was concluded that only mutants which are deficient of both the
farnesylation mutant and lipid binding domain may affect LKB1 membrane localization as compared to
only farnesylation-deficient mutants (which have no effect as shown by Dogliotti et al.) (108). Since the
average total intensity of LKB1 ALBCA was lower than LKB1 WT we also speculated that the stability of
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LKB1 in the mutant was lesser than its wild-type counterpart (AIT for LKB1 WT of 257200, AIT for LKB1
ALBCA of 195828). This speculation was made on the basis that both the constructs are inserted at the
same site with the same endogenous enhancer for both LKB1 WT and LKB1 ALBCA. Furthermore, the
mutation of the CAAX box and lipid binding domain cause a change in the tertiary structure of the protein,
as shown by the structural prediction model in Figure 18, comparing the three-dimensional structure of
wildtype and mutant protein. The ALBCA mutations cause the secondary structure to fold differently, such
that perhaps it may affect the binding site of LKB1 where it binds MO25 and STRAD-alpha, to form a
heterotrimeric complex. Unable to form a heterotrimeric complex due to the binding site being affected,

does not allow it to be transported to the cytoplasm from the nucleus, thus affecting its localization.

Figure 20 shows knockdown of LKB1 using RNAI line 1216 and 1236. The knockdown reduces membrane
localization of LKB1 as well as its levels on the membranes. The knockdown effect in 250 was more than
in 150. If the membrane localization of LKB1 reduces, the leftover levels seen were perhaps of cytosolic
LKB1. The membrane association of LKB1 is important for the stability of the protein and is needed for
polarization of the oocyte, survival, and development of the Drosophila fly (108). Reduction of protein
levels on the membrane indicates lower stability of the kinase domain.

Figure 21 helped us identify apical membrane localization of LKB1 wildtype stock. An LKB1 knockdown
using the effective fly line 1216 (penetrance on 50-60% as shown in Figure 1 in Appendix 1V) did not show
knockdown of apical LKB1. This was shown by unaffected values for slope averages in Figure 21 when
compared to dorsal wing blade (rotund region) and dorsal hinge within the same disc. However, a decrease
in the total intensity in the dorsal wing (rotund region) is seen in comparison to the dorsal hinge. This
indicates that even though the slope average of GFP-LKB1 stayed unaffected, the levels of GFP-LKB1
decreased due to knockdown. The unaffected values of slope average might correspond to apical
localization of LKB1 while the decrease in LKB1 levels might correspond to the value caused by knockout
of lateral membrane localized LKB1. This helped us conclude that the LKBL1IR line 1216 was successful

in reducing lateral membrane localization but not apical membrane localization.

In Figure 22 (fly line 150) we see increase in membrane localization and levels of LKB1 due to WDFY?2
knockdown. LKB1 associates with WDFY?2 on the endosomes. WDFY2 also causes LKB1 mediated
activation of AMPK, needed for epithelial integrity (133). When the cytosol is deficient of WDFY2 it can
no longer associate with the endosomes and instead associates to the membrane (or closer to it) through the
farnesylation motif in its CAAX box. This increases its membrane localization/proximity and levels. The
same pattern was seen in Figure 23 (fly line 250) for LKB1 where the membrane localization was seen to
increase, however, the levels of LKB1 were not affected. The variation of the same affect across different
fly lines may be due to the natural variability of stability of the kinase domain. LKB1 also colocalizes with

WDFY?2 and that may visually be seen by an overlap of the GFP and RFP signal, as represented in yellow
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and orange in the merge panels in Figure 23. However, in order to investigate and confirm colocalization
more complex colocalization studies and statistical tests of the two proteins are needed (134).

PI3K-1I1 interacts with LKB1 downstream which allows LKB1 to associate with Rab5 and Rab7 endosomes
as shown by O’Farrell et al. in flies and humans. If vps34 is disrupted it was believed to cause the same
effect as that seen in WDFY2IR. PI3K-I1I is important for association of LKB1 with the endosomes thus
knockdown of its catalytic will affect its function and interaction with LKB1. If LKB1 cannot associate
with the endosomes since the successful maturation of Rab5 to Rab7 vesicles does not happen, it would
instead associate with the membranes due to its farnesylation motif. The same was seen in Figure 24 where
membrane localization of LKB1 increased on vps34 knockdown. We observed a leakage of the RFP signal
from the apterous region into the rest of the nearby regions and made a speculation about possible
interaction between rotund and apterous. A phenotype of crimpled wings was seen in Drosophila adults for
these flies confirming the possible speculation (in Figure 24c). Furthermore, vps34 knockdown was also
seen in LKB1 wildtype to confirm if the knockdown affect was real and not a result of an unknown
interaction between the patterning genes. In Figure 25 we saw a similar pattern of increased LKB1
localization and levels, and with a greater affect. PI3K-CII1 generates PtdIns(3)P creating a binding site for
WDFY?2 on the endosomes. This is where LKB1 associates with the endosomes. Thus, WDFY2 allows the
activation of AMPK through LKB1, needed for epithelial integrity. Association of LKB1 on the endosomes
through the PI3K-CIII and WDFY2 pathway, inhibits LKB1 and regulates its activity. Loss of this
regulation, as in the case of our WDFY2 and vps34 knockdown, give rise to oncogenic activities of LKB1
(112). In order to improve the results of the experiment for vps34 knockdown it would have been useful to

compare the knockdown effect of LKB1 with a wildtype version of LKB1 with no knockdown effect.

We also investigated the effect of starvation on LKB1 localization and activity (Figure 26). This was done
by knockdown of Chico, an insulin receptor substrate which caused induction of autophagy. Under high
glucose conditions as shown in Figure 10, Chico is active, and in response to insulin signaling causes
inactivation of AMPK and activation of mTOR through PI3K. When AMPK is active on induction of
starvation it causes phosphorylation of Ulk1 and Beclinl which work towards initiating the formation of
the phagophore and conjugate through Atg8 (and other Atg-dependent pathways) to form an
autophagosome and eventually the autolysosome (135). In Figure 26 we saw reduced levels of LKB1 (as
shown by a negative value for difference in AIT between the engrailed/posterior and anterior boundary)
and increased membrane localization (shown by positive value for difference in slope average between the
engrailed/posterior and anterior boundary) as a result of starvation induced autophagy. This could help us
speculate that that cytoplasmic LKB1 was turned over quickly while membrane localized LKB1 was saved
from turnover. Thus, decreased levels of LKB1 could show that it was either on the endosomes or part of

the autolysosome for recycling. The reduction in levels of LKB1 could be a probable indication of the latter.
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This is because when in the lysosome (for degradation), the expression of LKBL1 is sequestered within the
double-membrane autophagophore (135). The significance of using Atg8 was that it is commonly used as
a reporter for autophagy since it moves from the cytoplasm to the punctate autophagosomal structures (136).
Since LKB1 levels were seen to reduce in our experiment, Atg8 could not be used for the purpose (i.e., to
see expression of LKB1 in the puncta). It would be interesting to see the effect of starvation induced
autophagy on LKB1 localization and levels in LKB1 ALBCA mutant. A change in cytoplasmic LKBL1 in
that context would help us gain a better understanding of the pathway of LKBL1. It would also have been
useful to have a wildtype version of enGAL4,>ChAtg8 showing expression of LKB1 without the
knockdown affect for a better comparison. In that context, constructing the following fly line would have
helped: Ikb1>GFP::Lkb1/CyO;enGAL4>ChAtg8/Tméc. This would also give us a chance to compare the
change on levels of Atg8. Since we are aware that autophagy is regulated through the LKB1-AMPK-mTOR
pathway it would be interesting to see how the localization and activity of AMPK is affected alongside
LKBL. In addition, an AMPK independent regulation of autophagy through LKB1 and p27 has also been
suggested by Liang et al (122). We could further investigate this for phenotypic effects in the wing using
knockdown of p27 after starvation induced autophagy and observe the reduction in the number of puncta
(autophagosomes).
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6. Conclusion

The study was successful in using the knowledge of balancer chromosomes and occurrence of
recombination in Drosophila females to construct recombinant tools for identifying the localization and
activity of LKBL1 in control and marked tissue of wing imaginal discs. Additionally, we made ways to
measure its proximity to membrane. Our findings have shown that endogenous GFP-LKB1 is present on
the lateral membrane and on knockdown shows lesser turn over in the cytoplasm, as compared to the lateral
membrane. This could be suggestive of the fact that lesser levels of LKB1 are found closer to the membrane
than the rest of the cell and also that, once LKBL1 is endocytosed it becomes active. We confirmed that
recombinant  fly  lines  Ikb1>GFP::Lkb1l/CyO;  rnGAL4|>CD8ChRFP/Tméc  (150) and
Ikb1>GFP::Lkb1/CyO; rnGAL4|>ChWDFY2/Tm6c (250), can be used to knockdown intracellular
trafficking modulators such as CII-PI3K and WDFY2, which have an important role in the endosomal
pathway and in turn effect localization and activity of LKB1. Disruption of the endosomal system elevated
LKB1 activity levels which disrupted epithelial integrity (which can lead to an oncogenic fate).
Furthermore, we were able to examine the effect of starvation-induced autophagy on LKB1 activity which
was suggestive of the movement of LKB1 to the lysosome to decrease (or potentially halt) its activity and
in turn also cause disruption of polarization. It would be useful to have a rescue of starvation by using
another approach for inducing starvation (reduced nutrition), and re-feeding to see how it effects LKB1
activity and epithelial integrity.

Previous studies discuss the role of LKBL1 in activation of AMPK to allow cancer cell survival under
nutrient stress, or hypoxia and also that LKB1 and AMPK are both associated with the endo-lysosomal
pathway (86, 112). Therefore, it would be interesting to see how the activity of both of these proteins are
affected as a result of disrupting intracellular trafficking regulators. Construction of a recombinant fly line
using Cherry-tagged AMPK, co-expressed with LKB1 would prove to be useful to see how disruption of
specific steps in the pathway effect the localization and activity of both proteins side-by-side. In addition,
using an antibody against AMPK (consisting of a fluorescence tag different than Cherry or RFP such as
yellow fluorescent protein, YFP) after blocking certain steps in the endo-lysosomal pathway in recombinant
fly lines could be useful in the same context. This will help it to be distinguished from the Cherry or RFP
signal of >CD8ChRFP and >ChWDFY2 in recombinant lines and allow it to be observed side-by-side along
with these proteins, as well as GFP-LKB1. In addition, it would be interesting to see how autophagy is
positively regulated by AMPK using the same approach which would indirectly give more information
about LKBL1 regulation and a possible corelation. Other RNAI lines can be used for knockdown of the same

controls as used in this study for improved comparison, or other already documented regulators could be
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disrupted to see the effect on LKB1: such as Rab5, Rab7, vps15 and scaffolding protein AXIN. Lastly, the
results in Drosophila could be further examined in mammalian cell culture as well.

Finally, we were able to take the first step towards the pathway of LKB1 through the endosomal system
and to assess how disruptions within this system can contribute to cancer in the context of PJS. Thus, LKB1
presents a feasible therapeutic target due to its reputation as a contextual oncogene whose localization and

activity contributes to cancer cell survival, as a result of downstream cellular and endosomal signalling.
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Appendix

I. Genetic crosses for generation of recombinants

lkb1>GFP::LKB1;Dr X sp . Dr —— > lkb1>GFP::LKB1 ., Dr
S-T Cy0 ’ TMé6c CyO ’ TMé6c
) rnGAL4 X sp;ChSNF1a - > rnGAL4
’ TM3 S-T ChSNF1la
3 rnGAL4 § S, Dr o Sp_ _TnGAL4 |>ChSNF1a
" ChSNF1la Cy0 ’TMéc " cyo '’ TMéc
TNGAL4 ™GAL4
4, ™3 X >ChWdfy2 ——» SChWdfy2
5 rmGAL4 § Sp_ Dr o Sp_  TnGAL4 |>Chwdfy2
T >ChWdfy2 Ccyo ' TMé6c " cyo '’ TM6¢c
TnGAL4 o rnGAL4
6. % X > CDSChRFP e o]
7 M q Ssp_ Dr -  » Sp_ _rnGAL4|>CD8ChRFP
" >CD8ChRFP Cy0 ’ TMé6c cyo '’ TMé6c
8 _Sp  rnGAL4 |>ChSNFla X lkb1>GFP:LKB1 = Dr lkb1>GFP:LKB1 rnGAL4 |>ChSNFla
Y ocyo’ TMé6c Cyo " TMé6c Cyo ’ TMé6c

g, P .TnGAL4|[>ChWdfy2 . leb1>GFPuLKB1 =_Dr »  kb1>GFP:LKB1 _ rnGAL4 |>ChWdfy2
. )

1]

Cyo TMé6c Cyo TMé6c Cyo ’ TMé6c
10, 5P _TnGAL4 |>CD8ChRFP % lkb1>GFP:LKB1 =~ Dr ——% 1kb1>GFP:LKB1 _TnGAL4 |>CD8ChRFP
" cyo’ TMé6c Cyo " TMé6c Ccyo ’ TM6c
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I1. Crossing schemes for generation of recombinants

Scheme 1
rnGAL4.5er X sp;>ChSNFla lkb1>GFP:LKB1  Dr
TM3 §-T Cyo " TMéc
rNGAL4 X

=ChSNF1la
mGAL4 sp Dr sp 1nGAL4 | = ChSNF1la

R —_— — —

> ChSNF1la Cy0 TMéc cyo TM6e

l

Ikb1>GFP:LKB1  TnGAL4 |>ChSNFla
cyo ' TM6c
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Scheme 2

rnGALL.Ser X > mCDSChREP lkbl1>GFP::LKE1 : Dr
TM™M3 cyo TMeéc
MmGAL4 X
>mCD8ChRFP
rnGAL4 s Dr s mGAL4 | > mCDBChRFP
p — P, |

> mCD8ChRFP Cy0 'TMéc Cyo ' TM6¢

l

lkb1>GFP::LKB1 1NnGAL4 |>mCD8ChRFP
Cy0 ’ TMé6c
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Scheme 3

; lkb1>GFP::LKB1 Dr
rnGAL4.Ser X > ChWdfw? = . U
TM3 Cyo TM6¢C
rmGAL4 X
>Chwdfy2
MmGAL4 sp Dr , sp  TnGAL4| > ChWdfy?2
> ChWdfvy2 Cy0 "'TMé6c Cyo "’ TMé6c

l

Ikb1>GFP:LKB1 _ rnGALA4 |>Chwdfy2
CyO0 ’ TMé6c
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Ikb1>GFP::Lkb1/CyO;Dr/Tm6c

I11. Phenotypic markers shown in fly stocks

Ikb1>GFP::Lkb1ALBCA/S-T

Ikb1>GFP::Lkb1/CyO;rnG4 |
>CD8ChRFP/Tm6c¢

W -

Aw '

sp; >ChSNF1a/ S-T

o " » R e
mini-white =
s '

w1118

sp/CyO;Dr/Tm6c
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Wild type Sternoplural (sp) Stubble (Sb)

Shorter bristles

Higher number of bristles

Wild type Serrate (Ser)
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IV. Penetrance of Genotype
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Figure 1: Percentage of penetrance of the knockdown effect. The greatest overall penetrance was seen
for LKB1IR (1216). The lowest percentage penetrance was seen for ap>vps34IR (1211). Error bars

represent standard error
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