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Abstract

In spite of the advances in cancer treatment, lung cancer remains one of the
leading death drivers among cancer patients, with lung adenocarcinoma (LUAD)
accounting for ~40% of diagnoses. Data from cancer patients showed the
overexpression of sphingosine kinase 1 (SK1) in lung cancer along with other cancer
types. Particularly in LUAD lung cancer patients, SK1 overexpression promotes
significant resistance to doxorubicin chemotherapy leading to a poor prognosis.
Moreover, increased SK1 levels led to cancer relapse in LUAD patients treated with
adjuvant chemotherapy. This is generally associated with the advanced clinical stage of
the disease and as a consequence with a shorter survival rate. Hence, additional
approaches are needed to improve the outcome and prognosis of LUAD patients with
particularly KRAS-mutated cancers, which accounts to almost 30% of all lung
adenocarcinomas and are notoriously difficult to treat.

To dissect the biological role of SK1, we generated knock-out cell line lacking
SK1 expression in KRAS-mutated adenocarcinoma cells. These cells were
characterised using various functional assays, including wound-healing, proliferation
and transwell assays. We found that deletion of SK1 led to increased cellular motility,
filopodia/lamellipodia-like formation and reduced proliferation capacity. Moreover, we
demonstrated that biological mechanism of SK1 was cell intrinsic. In addition, we
observed reduced invasiveness of these cells potentially due to downregulation of
Fascin 1 expression and vital cell-cell adhesion genes, Cdh1 and Cdh2. Although the
mechanism of increased cell motility is yet to be studied, our data suggests that SK1

can indeed be a promising target in lung cancer treatment.



Zusammenfassung

Trotz der Fortschritte in der Krebsbehandlung ist Lungenkrebs nach wie vor
eine der haufigsten Todesursachen bei Krebspatienten, wobei das Lungen-
adenokarzinom (LUAD) etwa 40 % der Diagnosen ausmacht. Daten von Krebspatienten
haben gezeigt, dass die Sphingosinkinase 1 (SK1) bei Lungenkrebs und anderen
Krebsarten Uberexprimiert ist. Insbesondere bei LUAD-Lungenkrebspatienten férdert die
Uberexpression von SK1 eine signifikante Resistenz gegen die Doxorubicin-
Chemotherapie, was zu einer schlechten Prognose flhrt. AuRerdem fihren erhdhte
SK1-Werte bei LUAD-Patienten, die mit einer adjuvanten Chemotherapie behandelt
werden, zu einem Ruckfall des Krebses. Dies ist in der Regel mit einem
fortgeschrittenen klinischen Stadium der Krankheit und folglich mit einer kirzeren
Uberlebensrate verbunden. Daher sind zusatzliche Anséatze erforderlich, um das
Ergebnis und die Prognose von LUAD-Patienten mit besonders KRAS-mutierten
Krebsarten zu verbessern, die fast 30 % aller Lungenadenokarzinome ausmachen und
bekanntermal3en schwer zu behandeln sind.

Um die biologische Rolle von SK1 zu entschlisseln, haben wir Knock-out-
Zelllinien erzeugt, denen die SK1-Expression in KRAS-mutierten Adenokarzinomzellen
fehlt. Diese Zellen wurden mit verschiedenen Funktionstests charakterisiert, darunter
Wundheilungs-, Proliferations- und Transwell-Tests. Wir stellten fest, dass die Deletion
von SK1 zu einer erhéhten Zellmotilitat, zur Bildung von Filopodien/Lamellipodien und
zu einer verminderten Proliferationsfahigkeit fuhrte. Dartber hinaus konnten wir
nachweisen, dass der biologische Mechanismus von SK1 zellinterner Natur ist. Dartiber
hinaus beobachteten wir eine verringerte Invasivitat dieser Zellen, die moglicherweise
auf eine Herunterregulierung der Expression von Fascin 1 und der wichtigen Zell-Zell-
Adhasionsgene Cdh1 und Cdh2 zurUckzufuhren ist. Obwohl der Mechanismus der
erhohten Zellmotilitdt noch untersucht werden muss, deuten unsere Daten darauf hin,
dass SK1 tatsachlich ein vielversprechendes Ziel fur die Behandlung von Lungenkrebs

sein kann.



List of abbreviations

LUAD - lung adenocarcinoma

NSCLG - non-small cell lung cancer

SK1 - sphingosine kinase 1

S1P - sphingosine 1 phosphate

ICI - immune checkpoint inhibitors

EGFR - epidermal growth factor receptor

KRAS - v-Ki-ras2 Kirsten rat sarcoma

CTLA-4 - cytotoxic T lymphocyte associated protein 4
PD-1 - programmed cell death 1

PD-L1 - programmed cell death ligand 1



Introduction

Our body consists of trillions of cells which in a well-organized fashion undergo
growth, division, and eventually programmed death. Sometimes, this cycle is disrupted
by changes in growth patterns leading to extensive proliferation and occasionally to
cancer. Although many different types of cancer have been described and scientific
advances have increased the life expectancy of cancer patients, hardly any cancer
types can be completely cured. This is the case of lung cancer which according to the
American Lung Association is not only the most common incident cancer type but also
the leading cause of death among both men and women in the US (www.lung.org). In
Europe, the lung cancer incidence varies with a country with the highest prevalence in
Hungary accounting for 56.7 cases per 100000 people of both genders (www.wcrf.org).
In Austria, lung cancer was the most common cancer-related mortality among men and
the second among women in 2017 and continues to be a major health problem

nowadays [1].
Lung cancer

Lung cancer is broadly divided into two groups: small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC). This division is based upon the microscopic
appearance of cancer cells, their growth pattern, and spread. Around 10-15 % of all lung
cancer incidences contribute to SCLC and 80-85 % are NSCLC [2,3]. Based on the cell
origin, NSCLC is further subdivided into adenocarcinoma (ADC), squamous cell
carcinoma, large cell carcinoma, and less common adenosquamous carcinoma and
sarcomatoid carcinoma (Fig. 1). Adenocarcinomas are the most prevalent type of cancer
contributing to >30 % of all lung cancer types and almost half of all NSCLC. SCLCs
subdivided into small cell carcinoma and combined small cell carcinoma. SCLC is
considered the most aggressive type due to quick growth and spread compared to

NSCLC. Nevertheless, SCLC responds well to both chemotherapy and radiotherapy

(https://www.cancercenter.com/).

Lung epithelium contains stem cells and diverse progenitor cells which give rise
to different cell populations. Ciliated, non-ciliated, basal, and mucosal cells cover the
major airways and produce mucus to lubricate and protect the lungs. The actual gas
exchange occurs in alveoli which are lined with alveolar type | and type Il cells. The
SCLC and NSCLC have been shown to have different progenitors [4]. Since lung cancer
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is a heterogeneous disease with abundant mutations exceeding any other cancer types

[5], the exact origin of these types of lung cancer largely remains unknown.

Lung cancer

— ~.

SCLC NSCLC
small cell combined small
carcinoma cell carcinoma
\ \ A 4 \ J
squamous cell large cell adenosquamous sarcomatoid

adenocarcinoma . . . .
carcinoma carcinoma carcinoma carcinoma

Figure 1. Subdivision of lung cancer types.

Diagnostic

X-Ray or computed tomography are initial imaging modalities in patients
suspected of lung cancer. Positron emission tomography and magnetic resonance
imaging are usually used to confirm the previous analysis [1]. In the case of observed
nodule growth, the tissue sample might be collected by a bronchoscope for histological
analysis. In Austria, the primary method for lung cancer diagnoses is bronchoscopy
(87.9%) [6]. In the advent of molecular diagnostics, the histological samples can be
further used for specific marker determination to distinguish a particular type of lung
cancer. Sputum cytology is also used but is most helpful if cancer affects major airways

of the lungs, otherwise, other methods are used (www.cancer.org).

Risk factors and molecular biology of lung cancer

The most common and predominant cause of lung cancer is smoking (including
passive), followed by radon exposure, pollution, hazardous chemical substances such
as asbestos, and genetic predisposition [7,8]. Exposure to these factors can lead to
genetic alterations in epithelial lung cells. Such alterations can usually occur in
oncogenes or tumor suppressors affecting their signaling pathways. The mutations have
been found in epidermal growth factor receptor (EGFR), v-Ki-ras2 Kirsten rat sarcoma
(KRAS), v-Raf murine sarcoma viral oncogene homolog B (BRAF), receptor tyrosine-
protein kinase erbB-2 (HERZ2), cellular tumor antigen p53 (p53), and many other
oncogenes and tumor suppressors [9]. It should be noted that the development of lung
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cancer is a multi-step process acquiring genetic aberrations over time, thus giving
survival and growth advantage over non-mutated cells [10].

The genetic alterations driving tumor growth are best studied in lung
adenocarcinomas (LUAD) since this is the most common type of lung cancer. The
EGFR-associated adenocarcinomas are more prevalent among the East-Asian
population accounting for almost 55%, while in Europe and the US this figure stands
around 15% (Fig. 2). In contrast, KRAS-associated LUADs contribute to 20-30% in
Europe/US and 8-10% in East Asia [11].

East Asia USA/Europe

Others Others

BRAF mutation

(0.5-1%) EGFR mutation

(40-55%)

HER2
mutation

(2-3%) mutation

L

RET fusion
(1-2%)
R0313f‘;16$i°n HER2 ROS1 fusion
(2-3%) mutation RET fusion (1-2%)

(2-3%) (1-2%)

Figure 2. Lung cancer worldwide incidence. Adenocarcinomas are the most prevalent lung cancers
with 40-55% of EGFR-associated LUAD detected in East Asian population and 5-15% among European/
North American populations. KRAS-associated LUACs are more prevalent in USA and Europe (20-30%)
while in East Asia these figure is almost three times less [11].

KRAS-associated tumor biology

KRAS is the most frequently mutated protein in lung cancer accounting for
~30% in LUAD and ~15% in all lung cancer types (Fig. 2). It is a member of the RAS
family which belongs to the large superfamily of GTPases. The RAS family controls cell
growth, proliferation and includes also HRAS and NRAS proteins. The knock-out
experiments in mice showed that KRAS is the most vital member of the RAS family and
its presence is critical for proper mouse development [12].

The activation of KRAS depends on its bound state to either GTP, thus

participating in downstream signalling, or to GDP, causing its inactive form [13]. This
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ratio is tightly controlled in healthy cells [14]. However, in cancer cells, mutated KRAS is
locked in a constitutively GTP-bound active state [15]. The mutations supporting active
KRAS-GTP state are the most common aberrations in LUAD constituting 20-40% of all
cases [16].

The three amino acid positions G12, G13, and Q61 were shown to be a hotspot
for KRAS mutation. The G12 mutation makes up to ~ 83% of all cases, while G13 and
Q61 comprise 14% and 2%, respectively [17]. In LUAD, only G12 mutations are known
with the most prevailing (~46%) being G12C (Fig.3) [18].

Gj

G12V|__

G12D
91% G12
@ G12C
B G12A
G12D | G12C
68% G12 Bl G12D
] G12F
1 G12L
B G12R
Bl G12S
G12C G12V
[ ]G12Y
85% G12

Q61K

Q61L

85% Q61

Figure 3. Percentage of C12 mutations in KRAS. In KRAS, three amino acid positions G12, G13 and
Q61 are frequently mutated leading to formation of adenocarcinomas. The most prevalent however are
G12 in pancreatic ductal, colorectal and lung adenocarcinomas and Q61 in melanoma. In lung
adenocarcinoma G12 mutation with its substitution to C (KRASG12C) constitutes to almost 85% in ~ 46%
cases. Adapted from [18].

Despite its common frequency and extensive research, KRAS-driven tumors
remain notoriously difficult to treat. This is due to the high affinity of KRAS to GTP while
its inhibition can affect many other vital protein families which rely on GTP energy for

proper functioning [15,19]. Additionally, KRAS-driven tumors are linked to tumor-
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associated inflammation due to insulting epithelial cells with inflammatory cytokines over
the course of time [20]. Rather than directly targeting only KRAS, researchers have
been paying more attention to downstream effector pathways activated by KRAS. This
led to generation of a plethora of selective inhibitors against KRAS downstream
effectors like RAF/MEK/ERK and PI3K/AKT/mTOR. A handful of MEK inhibitors are
approved for BRAF-mutant melanoma treatment [21]. However, in clinical studies, the
usage of single RAF, MEK, and ERK inhibitors failed to affect KRAS-associated LUAC.
This is not a surprise since RAS influences multiple downstream signalling pathways
and inhibition of just one member will lead to activation of another downstream molecule
if not several. Thus, the combination of inhibitors against both downstream and
upstream members may play an outcome [19].

The relatively preserved intrinsic GTP-hydrolysis rate of the KRASG12C mutant
allowed a generation of direct inhibitors against KRASG12C [19]. Two drugs AMG 510
(sotorasib) and MRTX849 (adagrasib) showed vigorous pre-clinical efficacy. In May
2021, sotorasib was approved by FDA in the US as the first drug against NSCLC
KRASG12C [19,22-24]. However, due to the intrinsic nature of cancer cells towards the
rapid mutation, the monotherapy eventually will lead to the tumor escape. In addition,
the NSCLC KRAS-associated tumors are usually accompanied by mutations in tumor-
suppressor genes like p53 [25] challenging modern therapies. Thus, a combination of
drugs targeting different KRAS effectors and direct inhibitors of mutated KRAS are

needed.
EGFR-associated adenocarcinomas

EGFR is a member of the epidermal growth factor receptors family, ErbB, which
also includes HER2/neu, Her 3, and Her 4. EGFR is a transmembrane tyrosine kinase
protein positioned upstream of RAS. Upon stimulation, EGFR is activated and the signal
is transduced through RAF/MEK/ERK, PI3K/AKT/mTOR, and JAK/STAT pathways
[16,26]. These downstream signalling pathways lead to cell survival and proliferation
(Fig. 4). Activating mutations in EGFR gene are involved in many pathologies and
particularly in NSCLC [27,28]. There are three classes of EGFR mutations: short in-
frame deletion in exon 19, single nucleotide substitution from exon 18 to 21, and in-
frame duplications or insertions in exon 20 [29]. Around 80% of all mutations occur in
exon 19 and single L858R substitution in 21 exon [30]. Most of these mutations are

commonly found in younger female patients with no smoking history [16].
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Figure 4. EGFR signalling cascade. Epidermal Growth Factor receptor (EGFR) is responsible for
activation of vital processes linked largely to the cellular proliferation and inhibition of apoptosis. The
EGFR family includes ErbB2/HER2/Neu, ErbB3/HER3, and ErbB4/HER4 members. Upon binding of its
ligand, homo- or heterodimerization occurs causing activation of one or more downstream signalling
pathways such as PI3K/AKT, MAPK, and STAT. Created with BioRender.com [www.biorender.com].

Two tyrosine kinase inhibitors (TKIls), erlotinib and gefitinib, were discovered
before somatic mutations in the EGFR gene were known. Scientists noted that younger
female cancer patients without or with modest smoking history responded to TKls. The
follow-up studies confirmed that somatic EGFR mutations are strongly associated with
the positive response to TKIs therapy among cancer patients (reviewed in [31]). These
first TKls reversely bind the ATP-binding site of the EGFR kinase domain with high
specificity towards activating mutations, thus inhibiting EGFR’s activity. Currently,
erlotinib and gefitinib are approved for the treatment of NSCLC [32].

The second-generation TKils, afatinib and dacomitinib, are irreversible pan-ErbB
inhibitors. Application of first- and second-generation TKls eventually lead to tumor
resistance via secondary mutation T790M in the tyrosine kinase domain. T790M was
found in ~40% of patients treated with these TKls [16]. Osimertinib is the third-
generation TKI which selectively binds active L858R and T790M EGFR and is
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approved for the treatment of patients who develop acquired TKI resistance from
erlotinib, gefitinib, afatinib, and dacomitinib treatment [33]. Despite the clinical
significance, there are patients who developed resistance towards osimertinib, hence

new approaches to treat these cancer patients are of utmost importance [34].
Tumor microenvironment

Inflammation is considered a major co-factor in cancer biology. The tumor cells
can promote local inflammation and concurrently elude the host's immunological
response. Paradoxically, the immune system can play the so-called “yin/yang” both
antagonizing and amplifying tumor development and progression [35]. By doing so, it
can provide tumors with vital signalling molecules, growth, survival, and angiogenesis
factors. Simultaneously, cancer cells communicate with each other by direct cell-to-cell
interactions or via cytokines release, thus shaping their microenvironment [36]. This
paradox has been explained by the concept of “3Es immunoediting” (Fig.5) [37].

At the first elimination stage, the immune system eliminates cancer cells. The
second stage is a phase of equilibrium when the immune system is unable to fully clear
cancer cells, thus putting selective pressure on cancer clones. In the last escape stage,
the cancer cells adapt to the immune pressure and develop the ability to evade it and
uncontrollably divide. This concept explains the importance of the tumor

microenvironment in cancer development and progression [38].

A. Elimination B. Equilibrium C. Escape

Figure 5. The concept of three ES immunoediting in cancer. It involves dynamic process of
immunological surveillance and tumor progression comprised of three phases: elimination, equilibrium
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and escape. During elimination stage, cancer cells are cleared by immune cells. In the equilibrium phase,
the immune system releases potent selective molecule to target any survived cancer cells, thus keeping
the proliferation of cancer cells, however not completely eliminating them. In the escape phase, tumor
clones which survived equilibrium phase can grow leading to tumor progression [37].

Current treatment of lung cancer

Surgery

Thoracic surgery plays a vital role in lung cancer treatment and is usually the best
option if the tumor is small and has not metastasised yet. This may follow radio and
chemotherapy to keep the tumor cells at bay. Still, due to the late diagnostics, the
thoracic surgery application may not be an optional treatment rather the best diagnostic
tool for molecular determination of tumor subtypes. In the era of personalised medicine,

thoracic surgery can help to assess acquired resistance to targeted therapy [39].

Chemotherapy

Chemotherapy remains an essential component of lung cancer treatment [40].
These are toxic compounds designed to kill dividing cells, however, these compounds
lack cancer cell specificity and thus affect normal cells too. Nevertheless, this toxicity is
overcome by tumor reduction and prolonged life span. Although chemotherapy alone
eventually plateaued its benefit, it is the only systemic therapy with confirmed enhanced
outcomes, particularly in patients with metastatic diseases and when administered along

with immunotherapies [40].
Radiotherapy

Radiotherapy is a non-surgical option for lung cancer treatment. It involves the
use of high-energy beams to directly kill cancer cells via either external or internal
radiation. The external radiation treatment is performed outside the body directing the
beam to the area affected by cancer. Internal radiation is also called endobronchial
radiotherapy when a radioactive implant is placed directly into the tumor or near the
tumor via bronchoscope and radiation is emitted into the affected area. However, after
initial advances in tumor suppression following radiotherapy, the majority of patients
suffer from cancer relapses and metastasis [41]. Thus, radiotherapy is nhowadays used
in conjunction with other methods, like thoracic surgery, chemotherapy, and

immunotherapy.

17


https://paperpile.com/c/wdw0uA/fOXq
https://paperpile.com/c/wdw0uA/oUMo
https://paperpile.com/c/wdw0uA/yfJS
https://paperpile.com/c/wdw0uA/yfJS
https://paperpile.com/c/wdw0uA/TUMo

Targeted drug therapy

The advent of mutated cancer driver genes discovery has revolutionised our
vision of lung cancer heterogeneity. Based on specific oncogene mutation(s),
researchers were able to specify signalling pathways affected by this mutation(s). This
made it possible to determine key players which can be targeted to inhibit the growth,
progression, and metastasis of cancer cells, like RAF and MEK kinases in the MAPK
pathway. Although initial success in NSCLC patients was promising [42], the application
of targeting therapy alone eventually led to secondary mutations or activation of
compensatory mechanisms within the same pathway to overcome drug pressure on
cancer cells. The combinatory application of targeted therapy and immunotherapy is

currently in the early stages of clinical studies [43].
Immune checkpoint inhibitors (ICls)

T cells play a central role in cancer immunity. They are activated by antigen-
presenting dendritic cells which leads to T cell migration and tumor infiltration. This
process is accompanied by co-stimulatory factors like CD28/B7, CD40L/CD40, and IL2.
However, excessive activation can lead to autoimmune diseases. To prevent this
immoderate activation, co-inhibitory factors like CTLA-4/B7 and PD-L1/PD-1 suppress T
cell activation. These circuits of checkpoint factors control immunity.

The most prominent approach to activate antitumor immunity is the targeting of
the immune checkpoints (Fig.6) [44-45,109]. The breakthrough in cancer treatment
came with the discovery of PD-1 upregulation during induction of T cell death. PD-1 is
expressed in B and T cells while its ligand, PD-1L, is present on other immune and non-
immune cells including cancer cells. The expression of PD-1L on cancer cells and its
binding to PD-1 suppress T cells attack [46]. This feature was exploited to produce
immune checkpoint inhibitors against PD-1 and its ligand to prevent their interactions
[47-49]. Blocking this interaction can stimulate an antitumor response in NSCLC
patients with so-called “hot-tumors” which are characterised by increased PD-LA1
expression and accumulation of CD8+ tumor-infiltrating lymphocytes [36]. In KRAS
LUAC, the PD-L1 is highly expressed and anti-PD-1/PD-L1 therapy was already
approved [50]. However, not all KRAS patients benefit from anti-PD-1 therapy since
there is a difference in efficacy among KRAS-mutant subtypes [51].

Another target of immune checkpoints is CTLA-4. Rather than participating in T

cell activation, it transmits an inhibitory signal to antigen-presenting cells playing an
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important role in maintaining immune tolerance. However, the anti-CTLA-4 inhibitors

failed to provide encouraging results in NSCLC patients with EGFR mutations [38,50].

Anti PD-1
(Pembrolizumab
Nivolumab)

N PD-1
Dendritic cell A T cell

% tumor cell
) PD-L1

A Anti PD-L1

(Atezolizumab
Durvalumab
Avelumab)

Iy
T cell ‘ -

Anti CTLA-4
(Ipilimumab
Tremelimumab)

Figure 6. Regulatory mechanism of immune checkpoint inhibitors (ICI). Stimulatory and inhibitory
factors control cancer-immune cycle. CTLA-4, cytotoxic T lymphocyte associated protein 4; PD-1,
programmed cell death 1; PD-L1, programmed cell death ligand 1. ICls bind to PD-1, PD-L1 or CTLA-4
allowing T cells to kill tumor cells. Adapted from [109].

Combined therapies

Although ICls used as monotherapy did not provide a universal advantage for
cancer patients, the combination of inhibitors may change this outlook. The combination
of CTLA-4 (ipilimumab) and PD-L1 (nivolumab) inhibitors showed greater tumor
regression in melanoma patients compared to the usage of a single drug alone [52]. In
regard to lung cancer, several clinical studies using combined immunotherapy are
ongoing.

The treatment of lung cancer with a combination of immuno- and chemotherapy
may show a synergistic effect too. Application of chemotherapy was shown to influence
the immune response via autophagy induction and ATP release in tumor cells as well as
activation of NK cells to prevent immunosuppression [53,54]. As with combined
immunotherapy, there are currently clinical studies using concurrent IClI and

chemotherapy in progress.
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Radiation has been also seen as immunogenic and could therefore prompt an
immune response to promote the death of cancer cells [43]. The interplay between
radiotherapy and ICls was shown in KRAS-driven NSCLC mouse models. The
application of radiotherapy drove the upregulation of PD-1 in cancer cells while
simultaneous administration of anti-PD-1 inhibitor generated antitumor immunity and
endured tumor control [41]. Similar results were observed in melanoma mouse models
with combined anti-PD-1 immunotherapy and chemotherapy [55]. However, comparable

clinical studies for human patients still need to be realised.

Sphingosine kinase | and cancer

Many biochemical processes happening in the cell are driven by a specific class
of enzymes called kinases. Kinases transfer phosphate groups to certain substrates like
proteins, lipids, and carbohydrates, leading to either their activation or inhibition. One of
the kinases that phosphorylate lipid substrates is a sphingosine kinase 1 (SK1), a key
member of the pleiotropic sphingolipids signalling pathway which was shown to be
involved in tumorigenesis via phosphorylation and activation of sphingosine-1-
phosphate (S1P) [56].

Multifactorial role of sphingosine-1-phosphate

Sphingolipids are essential structural lipids found in membranes of all eukaryotic
cells and are involved in pathways regulating cell survival, proliferation, and apoptosis
[57]. The most prominent bioactive lipids are ceramide, sphingosine, and its derivative
S1P, with the latter being the most studied sphingolipid [58]. The ceramide is structurally
the simplest form of sphingolipids which can be reversely converted to sphingosine by
ceramidase and ceramide synthase. In turn, generated sphingosine is also reversely
converted to S1P by sphingosine kinases 1/2 and sphingosine phosphate phosphatase.
The cleavage by S1P lyases is the only exit point of the S1P metabolism pathway.

While ceramide and sphingosine are involved in anti-proliferation signalling, the
S1P plays a role in pro-survival pathways. Due to their opposing roles in cell fate, the
interplay between ceramide, sphingosine, and S1P is called a cellular rheostat which
maintains an equilibrium between the cell death and its survival [59]. Thus, under
normal physiological conditions, the concentration of these lipids in the cell is tightly

controlled as well as the enzymes involved in sphingolipids' metabolism (Fig. 7) [60,61].
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Figure 7. SK-S1P rheostat. Cer, ceramide; Sph, sphingosine; SphK, sphingosine kinase, S1P,
sphingosine-1-phosphate. Regulation of S1P is dependent on SK1 (SphK). Overproduction of S1P from
sphingosine leads to misregulation of cellular processes leading to carcinogenesis. Adapted from [108].

S1P is vital for the cell in terms that it can signal both intracellularly and
extracellularly and it regulates various physiological and pathological processes
including proliferation, apoptosis, cell migration, calcium homeostasis, angiogenesis,
and vascular maturation [62,63]. S1P can be released from the cell and act in an
autocrine or paracrine manner via binding to one of five G-protein coupled receptors
(GPCR) called S1PRs. This binding leads to activation of canonical GPCR signalling
pathways such as MAPK, PI3K, Rho, NF-kB, and JAK/STAT pathways [64].
Intracellularly, the S1P action is less studied but is known for apoptosis protection, cell
growth, and calcium homeostasis [65]. The misregulation of S1P has been shown to

promote inflammation, metabolic diseases, and tumorigenesis (Fig. 7) [67,68,108].

Sphingosine kinases and S1P

The generation of S1P from sphingosine can be achieved by the action of two
isozymes, SK1 and SK2. The genes of these kinases are located in different
chromosomes and their products differ in amino acids length, molecular weight, and
share only partial homology namely in the catalytic domain [63,65,69]. SK1 and SK2
play distinct roles in the cell. Specifically, SK1 is involved in the proliferation and survival

of the cell, whereas SK2 was shown to enhance apoptosis [70]. This is supported by the
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studies elucidating localization of the kinases in the cell and tissues distribution. SK1 is
highly expressed in the spleen, lungs, and leukocytes and predominantly localised to the
plasma membrane and the cytosol, whereas SK2 is highly expressed in the kidney and
liver and mostly restricted to the nucleus, mitochondria, and ER [71]. The analysis of
tissue biopsies from cancer patients showed the overexpression of SK1, particularly in
breast, colon, prostate, and lung cancers [72-74]. Thus, the SK1 was subjected to

numerous studies to elucidate its role in tumorigenesis.
Sphingosine kinases 1 and cancer

The initial hint that SK1 might play a role in tumorigenesis came from in vitro
studies where overexpression of SK1 led to decreased apoptosis and enhanced
proliferation in various cell lines [75]. Later, the studies on patients with breast cancer
revealed that in 62,6% of tumors there was a 2-fold increase of SK1 mRNA expression
level compared to healthy surrounding tissue [76]. Moreover, triple-negative breast
cancer, which is considered the most aggressive type of breast cancer with metastatic
potential, exhibited the highest SK1 expression with a worse prognosis and overall
outcome. This poor outcome was due to the resistance to doxorubicin and docetaxel-
based chemotherapies which are the approved therapies against estrogen receptor type
breast cancer. Studies on 48 patients with glioblastomas revealed that the median
survival time of the patients with higher SK1 expression was 102 days while patients
with lower SK1 had a 3-fold increase in median survival time [77]. Additionally, SK1 but
not SK2 was shown to be responsible for the secretion of S1P out of breast cancer cells
which led to lymphangiogenesis and lymph node metastasis [78,79].

The role of SK1 in the tumor microenvironment of pancreatic cancer was
elucidated in a mouse model. The bioluminescent imaging showed a reduced tumor
burden after pancO2-luc murine pancreatic cancer cells (with intact SK1) were injected
into mice lacking SK1 [80,81]. Further, there were fewer infiltrating lymphocytes around
and within tumors in SK1 deficient mice compared to wild type. In addition, this study
demonstrated that host SK1 contributed to the proliferation of injected cancer cells via
the S1P axis and the recruitment of lymphocytes to the pancreatic tumors. Another
group showed that SK1 promotes drug resistance in pancreatic cancer peritoneal
carcinomatosis. Using cytotoxic assay with gemcitabine, the drug used in pancreatic

cancer treatment, they showed that SK1 deficient cells were less viable after drug

22


https://paperpile.com/c/wdw0uA/Rfgg
https://paperpile.com/c/wdw0uA/HiNu+0PF2+f5ux
https://paperpile.com/c/wdw0uA/pw5C
https://paperpile.com/c/wdw0uA/WQJ3
https://paperpile.com/c/wdw0uA/vIVA
https://paperpile.com/c/wdw0uA/iepx+jViW
https://paperpile.com/c/wdw0uA/L8EH+UvQa

administration compared to non-treatable cells [82]. SK1 also contributed to resistance
against the most promising ICl treatment in in vitro melanoma models [83].

In regard to the NSCLC lung cancer patients, SK1 mRNA level along with its
protein level was significantly higher in tumor cells compared to the surrounding healthy
tissue leading to a poor overall prognosis. As well as in pancreatic cancer, SK1
overexpression promoted significant resistance to doxorubicin- or docetaxel-induced
apoptosis via activation of PI3K/Akt/NF-kB pathway and antiapoptotic proteins like
TRAF2 and Bcl-xI [84]. Immunohistochemical analysis of 176 NSCLC patient samples
showed highly elevated SK1 levels in adenocarcinomas compared to surrounding
stroma. This significant SK1 overexpression was associated with the advanced clinical
stage of the disease and as a consequence with the shorter survival. Moreover, this
study demonstrated that high SK1 levels led to cancer relapse in NSCLC patients

treated with adjuvant chemotherapy [85].

Sphingosine kinases 1 inhibitors

The recognition of the importance of SK1 in cancer led to development of
numerous SK1 inhibitory compounds. These compounds can bind to sphingosine or
ATP pockets of SK1 or associate with SK1 substrates. Initial inhibitors displayed limited
specificity. In particular, this was a case of structural-based analogs of sphingosine.
Later studies identified several SK1 inhibitors (like SK1-I, SK1-1l, PF-543, compound 11,
SKI-349, MP-A08, ABC294640) with higher affinity, greater specificity and antitumor
activity [70]. However, some of these compounds exhibited dual SK1/SK2 activity. SK1-I
is a SK1-specific inhibitor which was shown to reduce proliferation and survival of Jurkat
and human leukemias U937 cells [84]. SK-Il induced lysosomal degradation of SK1 [85]
and decreased S1P production in mouse mammary adenocarcinoma cells [70].
However, in another study it was shown to act against both SK1 and SK2 [86]. The
compound-11g is the most potent SK1 inhibitor reported today [87].
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Aims of this study

Regardless of the recent progress in the treatment of lung cancer patients
(particularly NSCLCs), the overall survival of these patients remains ~ 15% only [83].
This is due to the development of drug resistance of cancer cells. Many cancer cells use
alternative signalling pathways and specific mutations to overcome the treatment and
immune pressure. Recently, the focus of the scientific community has shifted from
protein-based to lipid-based targets, especially sphingolipids, as a promising tool in
cancer treatment [88]. This is the case with SK1. As SK1 drives the formation of S1P
and indirectly blocks ceramide production via clearances of sphingosine, it is considered
a key enzyme in the regulation of bioactive sphingolipids levels [60]. Although SK2 can
produce S1P, the inhibition or degradation of SK1 could prevent alteration of cellular
S1P balance, thus preventing S1P from following the pro-survival signalling pathway.

Combination of treatments was proposed to reduce the tumor resistance. To
explore this possibility, our lab conducted afatinib-based high-throughput synergism
analyses in KRAS mutated LUAD of both human and mouse origin. This allowed us
identification of afatinib-based drug combinations which could potentially boost efficacy
of afatinib in KRAS-driven LUAD. Interestingly, along several others, SK1 was the most
promising target in combination with afatinib administration. Hence, the general goal of
this study was to elucidate the role of the SK1 in the growth, survival, and potential
oncogenic signalling pathways of tumor cells. For this, we generated the SK1 knock-out
cell line in KRAS mutated mouse tumor cells via the CRISPR/Cas9 system. These cells
were characterised and analysed through various functional tests to describe their
proliferation and migration capacity. To assess the KO cell lines’ migration patterns,
wound healing assays was performed. For this, we generated GFP expressing
lentiviruses to produce control and KO cell lines expressing GFP protein. Since SK1
also regulates NF-kB activity, we assessed possible alterations in the cellular
inflammatory response (PD-I1, STAT 1, etc) upon pro-inflammatory stimulation with
TNFa and IFNy.
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Materials and Methods

Mammalian cell lines

In this study, we used murine lung adenocarcinoma cells. These cells were
previously isolated from lung adenocarcinoma of KRASLSL-G12D p53 f/fl mice harbouring
an oncogenic point mutation in G12D KRAS allele. The expression of this allele was
prevented by the Lox-Stop-Lox cassette located upstream of the transcriptional start
site. The inhalation with adenovirus-expressing Cre-recombinase triggered activation of
KRASG12D and deletion of p53 alleles in lung epithelial cells leading to the development

of adenocarcinomas [87]. Cells were further called KP cells.

Cell culturing medium

The RPMI-1640 (Sigma-Aldrich) medium containing L-glutamine and sodium
bicarbonate was supplemented with 10% foetal bovine serum (FBS) (Capricorn
Scientific GmbH) and 1% Penicillin-Streptomycin (Sigma-Aldrich) (further called
complete medium). Cells were cultured at 37 °C in an incubator with 5% CO.. For cell
detachment, Trypsin-EDTA solution (Sigma-Aldrich) diluted in 1x PBS in a ratio of 3:1
was used. Cells were briefly washed with warm 1x PBS to remove dead cells. Two-three
ml of Trypsin-EDTA-PBS solution was added and cells were incubated for no more than
5 min in a COz2 incubator. After detachment, cells were resuspended with a 1ml pipette
tip and 1/10 of the total cell number were transferred to a new 10cm Petri dish
(SARSTEDT AG&Co. KG) with a fresh culture medium for culturing.

Freezing cells

Freezing medium for cell storage was prepared from RPMI-1640 medium and
supplemented with 30% FBS and 10% DMSO as a cryopreserved (Cryo medium). For
stock production, the cells in the exponential growth phase were used. Cells were
cultured in either 175 cm2 flasks (BD Falcon™ or CELLSTAR®) or in 15 cm Petri dishes
and harvested at about 80-90% confluency. The pellet was resuspended in cryo medium
and 1ml was aliquoted to cryovials and stored for 7-10 days in -80 °C. Afterward,

cryovials were moved to liquid nitrogen for long-term storage.
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Thawing cells from liquid nitrogen stock

For experiments, cells were quickly thawed at 37°C and transferred to a 15ml
Falcon tube containing 10ml of complete medium. Cells were further centrifuged for
3min at 250 rcf and the pellet was resuspended and moved to a 10 cm Petri dish

containing 10ml of fresh complete medium.
Counting cells

Cells were harvested and a small aliquot was 1:1 diluted with Trypan blue
(Sigma-Aldrich) and counted with the DeNovix CellDrop™ cell counter. For experiments,

only live cell numbers were used.

Transfection

One day before transfection the needed cells were plated either into 15 cm
Petri dishes or 12-well plates. Transfection was performed using Lipofectamine 2000
(Invitrogen) and RPMI medium supplemented with 1% FBS (further reduced medium).
For this, plasmid of interest (~ 500 to 1500 ng) and the lipofectamine 2000 (~2-10 pl)
were added to two 1.5 ml eppendorfs containing 100 ul of reduced medium and then
mixed together following 20 min incubation. The cell medium was changed to a reduced
medium and transfection mix was added in a drop wise fashion. After 2-3 h, the medium
was changed to complete medium, and cells were overnight incubated in a CO:
incubator at 37°C.

Lentivirus generation

Lentiviruses expressing GFP protein were produced using a 3rd generation
lentiviral system, which includes pAB64-GFP-pLenti-Puro, psPAX2, pMD2G plasmids
(Addgene), and Lenti-x™ 293T cell line (Takara). The plasmids were generated using
Stbl3 bacterial strain and purified using midi prep (QIAGEN® Plasmid Midi Kit). All
plasmids and cell lines were in long possession of Dr. Casanova's lab.

The 5 x108 Lenti-x™ 293T cells were plated in 150 mm Petri dishes with 15 ml
complete media and incubated overnight at 37°C and 5% CO.. For transfection, 1.5 ug
pAB64-GFP-pLenti-Puro, 1 ug psPAX2, and 300 ng pMD2G were mixed in 100 pl of
RPMI medium supplemented with 1% FBS (reduced medium). Separately, 10 ul of
Lipofectamine 2000 was added to 100 pl reduced medium and in 5 min was mixed with

prepared plasmids’ mix. The cell medium was changed to the reduced medium and the
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transfection cocktail was added to the cells. After incubation for 2-3 h, the transfection
medium was substituted with a 10ml RPMI medium with 10% FBS, and cells were
incubated overnight at 37°C and 5% CO2. The next day, transfection efficiency was
checked under a Nikon microscope to visually observe GFP-expressing cells. In 48h
post-transfection, the supernatant was passed through a 0.45 ym sterile syringe filter
(Millipore) and collected into a 50 ml Falcon tube. To concentrate the virus, 3.3 ml of
40% PEG-6000 solution in 1x PBS was added to the viral mixture and kept at + 4°C
overnight. The fresh complete medium was added to the Petri dish and cells were
further incubated in a CO2 incubator at 37°C. The same procedure was performed for
the next two days aiming to collect most of the viral particles for future concentration.
After several days of supernatant collection, the tube was incubated on constant rocking
overnight and then centrifuged at 4500 rpm for 15 min. The pellet was resuspended in 5

ml of reduced medium and either immediately used or stored at - 80°C.

Bacterial cell lines

For this study, we used DH5a and Stbl3 bacterial strains

Competent cells preparation

A single colony of bacterial DH5a and StbI3 strains were overnight cultured in 5
ml LB medium at 37°C (DH5a) and at 30°C (Stbl3). The next day cells were diluted at
1:100 in 200 ml LB and incubated in a 1 L flask at 37°C at constant rotation until ODeoo
reached 0.2 - 0.5. The cells were aliquoted to 50 ml Falcons and incubated on ice for 10
min. Afterward, cells were centrifuged for 10 min at 3000 rpm and 4°C, the pellet was
resuspended in 5 ml TSS buffer and cells were aliquoted to 1.5 ml eppendorfs and

frozen in liquid nitrogen (https://openwetware.org/wiki/).
Transformation and plasmid isolation

The competent cells were thawed on ice. The plasmid (~100-200 pg) was
added, carefully mixed, and incubated on ice for 20 min. Cells were heat-shocked at
42°C for 30 sec and put back on the ice for 2 min. One ml of LB medium was added to
the cells following 30 min incubation at 37°C at constant rotation. Cells were spread
onto LB agar medium in 10 cm Petri dishes and incubated at 37°C overnight. The next
day 2-3 single colonies were taken and bacteria were grown in 5 ml LB medium

supplemented with 100 ug/ml ampicillin. Plasmids were isolated using the NucleoSpin
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Plasmid Kit (Macherey-Nagel). Briefly, cells were centrifuged at 5000 rpm for 3 minutes,
the supernatant discarded, and the pellet was resuspended in a resuspension buffer
with RNase |. Thereafter, the pellet was lysed for 5 min with 250 pl of lysis buffer,
neutralised with 300 pl of neutralisation buffer, and spinned down for 10 minutes at
11000 rpm. The supernatant was carefully transferred into the NucleoSpin® column and
centrifuged for 1 minute at 11000 rpm. The column was twice washed with a washing
buffer following empty column centrifugation for complete ethanol removal. Next, 40 pl
of elution buffer were added to the center of the column, incubated for 2 minutes, and
briefly centrifuged at 11000 rpm.

For lentiviral plasmid preparation, the midiprep QIAGEN® Plasmid Midi Kit was
used. Briefly, 5 ml of overnight Stbl3 cell culture bearing plasmids of interest was diluted
in 100 ml of LB/ampicillin medium and incubated on rotation at 37°C for 3 h. Cells were
aliquoted to two 50 ml Falcon tubes, set aside on ice for 10 min, and centrifuged at 6000
g for 6 minutes. The pellet was resuspended in 4 ml resuspension buffer and 4 ml lysis
buffer was added to lyse bacterial cells. After 5 min, the reaction was neutralized with a
4 ml neutralisation buffer, incubated on ice for 15 min, and then centrifuged at 15000 g
for 10 minutes at 4°C. The QIAGEN-tips were equilibrated with a 4 ml equilibration
buffer and the columns were allowed to empty by flow gravity. The supernatant was
added to columns and allowed to enter the raisin by gravity flow. Next, the columns were
washed twice with 10 ml washing buffer, and DNA was eluted with 5 ml of elution buffer.
The DNA was precipitated with 3.5 ml of isopropanol and centrifuged at 15000 g for 30
minutes. The pellet was washed twice with 70 % ethanol, centrifuged at 15000 g for 10
minutes, and air-dried for 10 min. The pellet was resuspended in 100 pl TE buffer and

the concentration was measured via Tecan plate reader.

CRISPR-Cas9 knock-out of Sphingosine kinase 1 gene

Preparation of guide RNA

Single guide RNA (sgRNA) for SK1 knock-out was designed using a freely
available online tool (http://crispor.tefor.net), aiming to target exon 2 of the SK1 gene. It
was introduced into Cas9 expressing vector with puromycin resistance gene
pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene) as previously described in [90]. For
this, 5’ restriction sites for Bbsl restrictase was added to the oligonucleotides. Afterward,

the 5’ ends of the top and bottom sgRNA oligonucleotides were phosphorylated for 30
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minutes and annealed at 95°C for 5 min following a slow drop in temperature until 22°C
(Table 1 and Table 2).

top 5 CACCGCATCTGTTCTACGTACGTG

Mus musculus

KPASK1
mSK1 bottom 5' AAACCACGTACGTAGAACAGATGC

Table 1. SgRNA sequences. SQRNA was designed to target exon 2 of mus musculus SK1.

ddH20 6 pl
sgRNA top (100 pM) 1l
sgRNA bottom (100 uM) 1 ul
T4 ligation buffer (10X) 1 ul
T4 PNK 1l

Table 2. Phosphorylation and annealing of sgRNAs reaction mix.

The reaction mix was further diluted at 1:200 in ddH20, cloned into
pSpCas9(BB)-2A-Puro with incubation at room temperature for 1 h. The reaction mix

lacking duplex oligonucleotide was used as a negative control (Table 3).

ddH20 13.5 pl
Diluted oligonucleotide duplex 2 ul
pSpCas9(BB)-2A-Puro (PX459) V2.0 (100ng/ 1 ul
1))

FastDigest Bbsl 1 ul
T4 Ligation buffer 2 ul
T4 ligase 0.5 pl

Table 3. Cloning of annealed sgRNAs into pSCas9(BB)-2A-Puro vector.

The transformation was performed in DH5a competent cells according to the
previously described protocol. Cells were plated into LB agar medium containing 100
pg/ml ampicillin and incubated at 37°C overnight. Next, 3 single colonies were isolated
and cultured overnight in 5 ml LB-ampicilin medium following plasmid isolation.

29



Plasmids were digested with Bbsl restriction enzymes to confirm the presence of the

insert and afterwards sent for sequencing using universal U6-Fwd primer.

Generation of pools

To generate pools lacking SK1, 1 x105 KP cells were plated into each well of
12-well plate following next day transfection as described above. For transfection, 500
ng of each plasmid were used. As a control for successful transformation, we utilised
pSpCas9(BB)-2A-GFP (Addgene) plasmid lacking the puromycin resistance gene. In 24
h, cells were checked for the presence of fluorescently labeled cells in the control well.
For clonal selection, 4 pg of puromycin were applied based on previous titration and
cells were cultured in a COz incubator at 37°C for three days. Afterward, wells were
washed with 1x PBS and complete media was added. Once surviving cells reached ~
80% confluency, they were trypsinized and moved to a 6-well plate for expansion. Then,
cells were split into two parts: one part was used for DNA analysis while another part

was frozen.
DNA isolation

To isolate DNA, cells were centrifuged at 2000 rpm, and the pellet was lysed in
200 pl lysis buffer with 30 ug/ml of Proteinase K (Sigma Aldrich) overnight (Table 4) .
The next day, 85 ul of 5 M NaCl were added to the lysed cells and centrifuged for 10
minutes at 16000 rpm. The supernatant was transferred to a new eppendorf tube, 200 ul
of isopropanol (Roth) was added, briefly mixed, and centrifuged for 5 min at 16000 rpm.
After centrifugation, the isopropanol was carefully removed and 1 ml of 70 % ethanol
was added. The mix was centrifuged for 10 minutes at the same speed, the supernatant
was discarded, and the pellet was air-dried for 30 minutes. Once the remaining ethanol
evaporated, the pellet was resuspended in 20 pl of nuclease-free water. The

concentration was determined using a Tecan plate reader.

Tris-HCL pH 8 50 mM
EDTA 100 mM
NaCL 100 mM
SDS 1%

Table 4. Composition of DNA lysis buffer.
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PCR ampilification

To confirm the presence of knock-out, PCR with corresponding primers targeting
a specific region of the putative nick was performed (Table 5). Therefore, 500 ng of
purified DNA with putative knock-out was used for amplification in the reaction mixture

(Table 6). DNA from KP parental cells served as a control.

mSK1 - fwd -TIDE TTTGTTGCTGACGTGGACCT
mSK1 - rev - TIDE CATCCACAGAAAACACGCCC

Table 5. TIDE primers.

ddH:20 32.5 pl 94°C 2 min
GoTaq Buffer 10x 10 ul 94°C 30 sec
Primer fwr and rev mix (10 mM) 2 ul 59°C 40 sec
dNTPs (5uM) 2l 72°C 50 sec
DNA (500ng) 3ul 72°C 10 min
GoTaq Polymerase 0.5 ul 4°C 0

Table 6. Reaction mixture for amplification of SK1 targeting sequence.

Agarose gel electrophoresis

To visualise the amplification of PCR products, 1.5 % agarose gel was prepared.
Briefly, 1.5 g of agarose (Sigma Aldrich) was dissolved in 120 ml 1x TAE buffer, and 2 pl
of Sybr® Safe DNA gel dye (Thermo Scientific) was added. The agarose solution was
cast in a transparent tray with a comb and allowed to solidify for ~ 20 min. The 5ul of
amplified PCR products along with a 5ul GeneRuler 1 kbp (ThermoFisher) were loaded
into the gel, run for 30 minutes at 100 V, and visualised under UV light in the
ChemiDoc™ XRS (Bio-Rad).

Purification of PCR fragments

Once the presence of amplified fragments was detected, the PCR product was

purified using FavorPrep™ PCR Clean-Up Mini Kit (Favorgen). Briefly, the PCR mix was
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mixed with 250ul of FADF buffer, transferred to the FADF column, and centrifuged for 1
minute at 13000 rpm. The supernatant was discarded, 500 ul of washing buffer
containing ethanol was added, centrifuged for 1 minute at 13000 rpm. The supernatant
was again removed and the column was centrifuged for 3 minutes at 10000 rpm. The
purified PCR product was eluted by adding 20 ul of elution buffer to the center of the
column, incubated at room temperature for 3 minutes, and centrifuged again. The

concentration of eluted PCR product was determined using a Tecan plate reader.
Sequencing of PCR product

To check the presence of knock-out, 10 pl (~100 ng) of the purified PCR product
with 5 pl of forward primer, which was used in the PCR amplification mix, were sent for
sequencing. The obtained results were analysed using a free online tool, Tide (https://
tide.nki.nl). If more than 65% of cells in the pool contained the targeted mutation

(detected indels), the pool was considered for single clones production.
Generation of single clones

To prepare single clones from pools containing the targeted mutation, cells
were subjected to limited dilution titration. For this, the putative pool was thawed and
allowed to grow for 1-2 days. After recovery from deep freezing, cells were trypsinized
and counted. The specific amount of medium containing 50 cells was added to 10 ml of
complete medium, thoroughly mixed and 100 ul of the mixed medium was added to
each well of a 96-well plate. Cells were growing for ~14 days and the presence of
expanded colonies was confirmed under the light microscope. Next, the single colonies
were transferred to the 12-well plate and allowed to expand until ~90 % confluency.
Once the desired confluence was reached, cells were harvested and divided into two
parts: one part was subjected to DNA isolation, the other part- for deep freezing. All the
remaining steps such as DNA isolation, PCR amplification, and TIDE analysis were

performed according to previously described protocols.

Real-time PCR

RNA extraction

The E.Z.N.A.® Total RNA Kit | (Omega Bio-tek, Inc.) was used to isolate total

RNA from KP and KPASK1 cells. Briefly, 1 x10% cells were seeded in a 12-well plate, and
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in 24 h cells were lysed with 350 pl lysis buffer and stored at -20°C. Prior to RNA
isolation, the cell lysates were thawed on ice, collected into homogeniser minicolumns,
and centrifuged for 2 min at 12,000 x g. The homogenized lysates were transferred into
fresh 1.5 ml eppendorfs and 1 volume of 70 % ethanol was added. The lysate mixtures
were afterward transferred into preassembled HiBind® RNA Mini Columns and
centrifuged for 1 minute at 10,000 x g. The columns were washed twice with the
washing buffer, centrifuged for 1 minute at 10,000 x g, and RNA was eluted with 40 pl

nuclease-free water and stored at -20°C.
Reverse transcriptase-PCR (RT-PCR)

To convert the total RNA to cDNA, the iScriptTM cDNA synthesis kit (Bio-Rad)
was used. At first, the total RNA was quantified at the Tecan plate reader and 400 ng of
each RNA sample was converted to cDNA according to Table 7A and 7B. The cDNA

was stored at -20°C.

ddH20 to 20 pl
5x iScript reaction mix 4 ul
RNA sample (400 ng) varies
iScript reverse transcriptase 1l

Table 7A. Reaction mixture for amplification of SK1 targeting sequence.

Priming 5 min at 25°C
Reverse transcription 20 min at 46°C
RT inactivation 1 min at 95°C

Table 7B. Reaction mixture for amplification of SK1 targeting sequence.

Quantitative real-time PCR (qPCR)

Prior to qPCR reaction, the cDNA was diluted at 1:25 in NFW and the qPCR
reaction mix was assembled according to Bio-Rad iTaq Universal SYBR® Green

Supermix (Table 8A and 8B). The gPCR primers were designed using the Primer-blast
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tool (https://www.ncbi.nim.nih.gov/) (Table 9) and normalised to threshold cycles of 28S

RNA to calculate relative differences in gene expression profile.

ddH20 1.75
Forward qPCR primer (10 pIM) 0.375 ul
Reverse qPCR primer (10 pIM) 0.375 ul
iTaq™ Universal SYBR® Green Supermix (Bio-Rad) 7.5 pl

Diluted 1:25 cDNA 5ul

Table 8A. Reaction mixture for gPCR.

initial denaturation at 95°C 30s
95°C 5s
2 x40
60°C 30s
65°C 5s
95°C 5s

Table 8B. Amplification condition of qPCR.
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Sphk1 - fwd TCCTTCAACCTCATACAGACAG
Sphk1 - rev ATTCAGCACCTCGTAAAGCAG
Fascin1 - fwd CCACTGCGTCCACCAAGAAC
Fascin1 - rev GGTCACAAACTTGCCGTTGG
28s - fwd ATACCGGCACGAGACCGATAGTCA
28s-rev GCGGACCCCACCCGTTTACCTC
Ctnnb1- fwd CACAGCTCCTTCCCTGAGTG
Ctnnb1-rev ACTGCCCGTCAATATCAGCTAC
Cdh1- fwd CAGAGTTTACCCAGCCGGTC
Cdh1-rev CTTCATCACGGAGGTTCCTGG
Cdh2- fwd GGCTGAAAATAGACCCCGTG
Cdh2- rev TCATAGGCGGGATTCCATTGTC
Snail1- fwd GGAGTTGACTACCGACCTTGC
Snail1- rev GCTGGAAGGTGAACTCCACAC
Snail2- fwd CACATTAGAACTCACACTGGGG
Snail2- rev TGCCCTCAGGTTTGATCTGTC
Vim- fwd GCGAGGAGAGCAGGATTTCTC
Vim- rev GTCCATCTCTGGTCTCAACCG
Cd274- fwd AACGCCACAGCGAATGATG
Cd274- rev ATGTGTTGCAGGCAGTTCTGG
Hif1a- fwd ATGCTCTCACTCTGCTGGC
Hif1a- rev ATGCTCTCACTCTGCTGGC
Ctla4- fwd TGGGTTTTACTCTGCTCCCTG
Ctla4- rev GTTGGGTCACCTGTATGGCTTC

Table 9. RT-gPCR primer sequences.
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Western blotting

Cells preparation for protein isolation

To test the expression of the proteins of interest, 5 x 105 cells were plated in a 6-
well plate 24 h before isolation. The next day, cells were twice washed with 1x PBS,
stimulated with 5 ng/ml IFNy for 15 minutes and/or with TNFa for 4 h, and quickly lysed
with 80 ulice-cold lysis buffer (Table 10). Cells were scraped with the scraper on ice, the
lysates were transferred into 1.5 ml cold eppendorfs, and frozen at - 80°C. On a third

day, the lysates were centrifuged for 15 min at 4°C and supernatant was taken for BCA

assay.
 Reagent Finalconcentration Amounttoaddto 50m
1M TrispH 7.5 20 mM 1 ml

5 M NaCl 100 mM 1 ml

100 mM NaszVO4 1 mM 0.5ml

500 mM NaF 100 mM 10 mi

200 mM Glycerol-2-phosphate 20 mM 5 ml

250 mM EDTA 2.4 mM 0.5ml

250 mM EGTA 1 mM 0.2ml

NP-40 1% 0.5ml

Protease inhibitor cocktail 5 tabs

Table 10. Lysis buffer for cells.

BCA assay

BCA assay was used to determine protein concentrations. The bovine serum
albumin (BSA) standards were prepared according to BioVision protocol from 1ug/ul
BSA stock. The 2.5 pl of protein solution (on ice) was diluted with 22.5 ul of ice-cold lysis
buffer and 200 pl of BSA standards (2000 ng, 1500 ng, 1000 ng, 500 ng, 250 ng, 125
ng, 25 ng, 0 ng) were added to the protein mix in duplicates in 96-well plate. The plate
was incubated at 37°C for 30 min and the absorbance 562 nm was measured via Tecan
plate reader. The standard curve was plotted following the calculations of protein

concentrations.
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Samples preparations and SDS-PAGE

Based on the results of the Bradford assay, samples were prepared at final
concentrations of 20 ug and diluted in a 6x Laemmli buffer (Table 11). The 10x running
buffer for SDS-PAGE gels were prepared according to the Boston-Bio-Products protocol
(Table 12). To prepare gel, 5.5 ml of 10 % resolving gel solution (Table 13) was poured
into assembled 1 mm glass plates and covered with 40 pul isopropanol to allow
polymerisation. Once the gel polymerised, isopropanol was removed, 2 ml of stacking
gel solution (Table 14) was added, and the 15-well comb was placed. After complete
polymerisation, the comb was removed, the gel was washed with ddH20 to remove the
remaining SDS, and the plates were assembled into an electrode chamber. The
samples were heated for 3 minutes at 95°C and loaded into the gel along with 3 pul of
Precision Plus Protein™ Standards (Bio-Rad) and run in the 1x running buffer. The gels
were first to run for 20 min at 80 V and afterwards at 130 V until the lower proteins

reached the glass plate border.

1 M Tris base 375 mM 3.75ml
10 % SDS 9% 0.9 ml
99 % Glycerol 50 % 5mi

Beta-mercaptoethanol 9% 0.9 ml
Bromphenol blue 0,03 % 0.03 ml

Table 11. Composition of 6x Laemmli buffer.

0.25 M Tris base 30.29 ¢

1.92 M Glycine 14413 g

1% SDS 104
pH 8.3

Table 12. Composition of 10 xRunning buffer, pH 8.3.
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ddH20 4 ml
30 % Bis-acrylamid 3.3 ml
1.5 M tris-Cl pH 8.8 2.5 ml
10 % SDS 0.1 mi
10 % APS 0.1ml
TEMED 0.004 ml

Table 13. Composition of 10 % resolving gel solution.

ddH:20 1.7 ml

30 % Bis-acrylamid 0.415 ml
1 M tris-Cl pH 6.8 0.315ml
10 % SDS 0.025 ml
10 % APS 0.025 mi
TEMED 0.0025 ml

Table 14. Composition of 5 % stacking gel solution.

Semi-dry transfer

To transfer proteins from gels to either 0.45 nitrocellulose or PVDF membranes
(AmershamTM, GE Healthcare Life Science), the semi-dry system was used. The
membrane and filter papers were briefly incubated in the transfer buffer (Table 15), and
the sandwich was assembled according to Trans-Blot® SD cell protocol (Bio-Rad). The

transfer was performed for 1 h at a constant 80 mA per membrane.

0.48 M Tris base 58.16 g

0.39 M Glycine 29.28 g

0.375 % SDS 3.75¢
add 1:10 methanol before usage

Table 15. Composition of 10x semi-dry transfer buffer.
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Antibody detection

To confirm the successful transfer, the membrane was briefly washed with
ddH20, incubated for 5 minutes at constant rocking with Ponceau Red solution, and
imaged in ChemiDoc™ Imaging System (Biorad) . Then, the membranes were three
times washed with ddH20 and incubated with PBST+5 % milk (1x PBS, 0.5 % Tween
20, and 5 % skim milk) for 40 minutes to block any nonspecific sites. The antibodies
were diluted at different concentrations (Table 16) in 5 ml of PBST+5 % milk solution,
added to the membrane, and incubated at 4°C overnight. The next day, membranes
were washed four times for 5 min each with a washing buffer (PBS and 0.05 % Tween
20) and incubated with HRP conjugated secondary antibody for 1 h at room
temperature. Next, the membranes were four times washed with the washing buffer,
proteins were detected using Pierce ™ ECL Western Blotting Substrate (ThermoFisher)

and imaged in ChemiDoc ™ Imaging System (Biorad).

Mouse HSC 70 1:1000 Santa Cruz Biotechnology
Mouse SK 1 1:1000 Santa Cruz Biotechnology
Mouse Fascin 1 1:1000 Santa Cruz Biotechnology
Anti-mouse IgG, HRP-linked 1:5000 Cell Signaling

Table 16. Primary and secondary antibodies.

Cell-based assays
Cell proliferation assay

2 x 105 cells in triplicates were plated into a 6-well plate (SARSTEDT AG & Co.
KG) and subsequently trypsinized and counted 24h, 48h, 72h, and 96h after initial

seeding.
Wound-healing assay

For this assay, 4 x 105 cells in triplicates were plated into a 12-well plate aiming to
reach ~90 % confluency the next day. In 24 h post-seeding, vertical and horizontal
scratches were performed with a 200 pl pipette tip. The wells were washed with 1x PBS

and pictures were taken immediately after, in 24 h, in 48 h, and 72 h using Nikon
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inverted microscope Eclipse Ts2-FL. Quantification of the wound area was performed

with an ImagedJ wound healing plug-in [91].

Lentiviral transduction of KP and KPaSK1 cell line

To produce KP and KPASK1 cell lines expressing GFP (further called KP-GFP
and KPASKI-GFP), 1 x105 KP and KPASK1 cells were plated into a 12-well plate. In 24 h 1
ml of the viral solution was added to each well. To increase the transduction efficiency, 8
pg of Polybrene (Sigma Aldrich) was added to each well. The medium was changed one
day after transduction and cells were incubated in a CO2 incubator at 37°C for two
additional days. For selection, 5 pg of puromycin was added to the GFP-expressing

cells. Cells were cultured for two weeks with a presence of 5 ug of puromycin.
Scratch assay with fluorescently labeled cells

Fluorescently labeled KPASKI-GFP and KP-GFP cells were mixed 1:1 ration and
2.5 x 105 cells were plated in triplicates into a 12-well plate according to Table 17. After
24 h, cells reached ~ 90 % confluency and scratch was performed using 200 pl pipette
tip. Wells were washed with 1x PBS, covered with complete medium, and pictures were
taken at 0 h, in 24 h and 48 h.

KP-

A (paski GEp | KPAIKPSSK_GFP | KP-KP_GFP | KPssKi-KP_GFP

B o KPASKI-KPASKT_GFP | KP-KP_GFP | KPASKi-KP_GFP
KPAsSKI_GFP - —~ —

C KP- KPASK1_KPASKT GFP | KP-KP_GFP | KPAsSKi-KP_GFP
KPAsSKI_GFP — - _

Table 17. Combination of fluorescently labelled KP and KPASK1 cells.

Proliferation assay

To check the ability of sphingosine-1-phosphate to influence KPASK1  the
CellTrace™ Violet Cell Proliferation Kit and CellTrace™ CFSE Cell Proliferation Kit
(Invitrogen) were used. For this, 1 x 106 KP and KPASK? cells were harvested and
washed twice with 1x PBS to eliminate any remaining FBS. In order to label the cells, 1
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ul of each dye was diluted in 1 ml of 1x PBS then added to cells and incubated in the
dark for 15 min at 37°C. For dye inactivation, 5 ml of complete RPMI medium was
added and incubated for an additional 5 min at 37° C in the dark. Next, the cells were
centrifuged for 3 minutes at 300 rpom and 1 ml of complete RPMI medium was added.

The cells were mixed according to Table 18.

KP - violet 2.5x10°
KP - CFSC 2.5x105
KPASK1 - violet 2.5x105
KPASK1 - CFSC 2.5x10°

KP - violet / KPASK1 - CFSC 2.5x105/2.5 x105

KP - CFSC / KPAsK1 . CFSC | 2.5x105/2.5 x105

Table 18. Combination of KP and KPASK1 cells stained with CellTrace dyes.

After 72 h, cells were harvested, washed with 1x PBS, and subjected to the life/
dead staining with BD Horizon ™ Fixable Viability Stain 620. As previously mentioned, 1
ul dye was diluted in 1x PBS, added to the cells, and the mix was incubated in the dark
for 7 minutes at 37°C. The dye was inactivated with the addition of 5 ml complete RPMI
medium for 5 minutes. Afterward, cells were centrifuged and the pellets were
resuspended in 400 pl of 1x PBS with 3% FBS. For FACS controls, the mixture of
unstained KP and KPASK1 cells, as well as freshly stained cells with CellTrace™ CFSE

and CellTrace™ Violet dyes, were used.
Rescue experiment

For the rescue experiment, 2.5 x 105 KP and KPASK1 cells were plated into 6 cm
Petri dishes in triplicates and cultured in a CO: incubator for 48 h. The supernatant of
these cells was collected and filtered via a 0.40 uym filter. New 2.5 x 105 KP and KPASK1
cells were plated in triplicates and the filtered supernatant was added based on different

conditions according to Table 19. In 72 h, cells were harvested and counted.
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Condition 1 KP control KPASK1 control
Condition 2 | KP + 100% KPASK! supernatant + | KPASK1 + 100% KP supernatant +
10% FBS
° 10% FBS
Condition 3 KP+50% KPASK1 KPASK1+50% KP supernatant+50%
supernatant+50% RPMI+10% RPMI+10% FBS
FBS
Condition4 | KP + 100% KP supernatant + KPASKT + 100% KP ASK1
10% FBS supernatant + 10% FBS
Condition 5 KP + 50% KP supernatant + KP asKi+ 50% KP ASK1 supernatant
50% RPMI + 10% FBS +50% RPMI + 10% FBS

Table 19. Combination of KP and KPASK" for rescue experiment.

Transwell and invasion assays

For the transwell assay, a 12 well plate with the transwell inserts was used. 600
pl of complete RPMI medium were added into the wells and transwell inserts were put
into six wells. The 3.5 x 104 KP and KPASK? cells per well were resuspended in the
reduced medium with just 2% of FBS plated in triplicates and incubated for 48 h. The
inserts were removed and pictures of four regions per well were taken under 4x
objective of Nikon light microscope. The number of cells was calculated using ImageJ
software.

For the invasion assay we used 25 ul of matrigel which was applied to each
insert in triplicates. In 48 h the inserts were twice washed with 1x PBS and fixed for 15
minutes with 4% PFA. After fixation, the cells were washed twice with 1x PBS and
stained for 10 min with 10 ug/ml Hoechst dye. Cells were again washed with 1x PBS

pictures were taken.
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Results

The overexpression of SK1 was a subject of numerous studies showing its
association with poor overall survival of cancer patients [71,92,93]. To elucidate the
importance of SK1 in lung cancer, we knock out its expression in lung adenocarcinoma

cells in order to investigate its role on cell proliferation, migration and survival.

Generation of KP cells deficient in SK1 expression

To produce cells lacking SK1 (KPAsK!l) expression, we used CRISPR-Cas9
technology targeting the 2nd exon of the SK1 gene (Sphk1) in KRAS-mutated KP cells.
In this system, Cas9 nuclease introduces a double-stranded break in the region of
interest guided by specific sgRNA. The cellular DNA repair mechanism is prone to
errors, hence the insertions or deletions (so-called indels) are often introduced. We have
designed our sgRNA with the aim to target the 5’ end of the 2nd exon so that repair
mechanism with indel introduction will occur causing a frameshift; thus the expression of
SK1 will be abrogated.

To confirm the indel introduction, we utilised the TIDE tool [94]. For this, we
designed primers spanning possible CRISPR-Cas9-sgRNA targeting site and used them
for amplification of the region of interest. The resulting sequences were subjected to
TIDE analyses and predicted indels were estimated. Once the putative pool KPASKT was

further analysed, the single clones were generated and again analysed via the TIDE tool
(Fig. 8).
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- totaleff. =98.4 % 97 R*=0.98
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Figure 8. TIDE analysis of knock-out clone. The TIDE online platform was used to determine knock-out
efficiency of SK1. The efficiency of one clone was 98.4 % with one predominant +1 indel.
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One of the single KPASKT clones showed a single cytosine insertion which
resulted in the frame-shift and premature stop codon formation (Fig. 9A). The absence
of SK1 was also verified on an mRNA and a protein levels via western blotting (Fig. 9B-
C).

KP A

STTATGCATCTGTTCTACGTACGTGCGGGGGTGTC GGGCTGCGCTGCTGCGCCTCTTCCTGGCCATGCAG GGGC GCATATGG CTTGACTG

Do o o

Cytosine insertion Premature stop codon 1

KPAasK1 X

STTATGCATCTGTTCTACGTACEGTGCGGGGGTGTC GGGCTGCGCTGCTGCGCCTCTTCCTGGCCATGCAG GGGC GCATATGG CTTGACTG

1.5
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(SK1/28s)
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Figure 9. Verification of KPASK1 clone. A) Alignment of sequences from SK1 control and KPASK1 clone.
B) Expression of SK1 in control and KPASK1 cells. C) Western blot analyses of SK1 expression in control

and KPASK1 cells. A549, A54948K1 and EGFRAT cells were used as controls for absence and presence of
SK1 expression in different cell lines.

Cells lacking SK1 exhibited changed morphology with profound

movement and filopodia formation

We started our characterisation of the KPASK! cell phenotype by using light
microscopy where we wanted to analyse the morphology of the cell. Interestingly, while
the control KP cells exhibited a phenotype typical for many epithelial cell lines, such as
cells were in tight contact with each other and populated any empty space, the KPASK1

cells showed reduced cell-cell contact and were randomly distributed within the plate.
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Moreover, KPASK1 cells were forming extensive filopodia/lamellipodia-like structures
which were not necessarily directed towards the neighbouring cells. Even in highly
confluent conditions, when the contact between the cells was inevitable, KPASKT cells

continued the formation of filopodia/lamellipodia-like structures (Fig. 10).

KP KPasKi

Figure 10. Morphological differences between control and KPASK1 cells.

The time-lapse microscopy revealed an extensive movement of KPASK! cells
compared to KP control. Although KP cells movement was eventually constrained by the
neighboring cells occupying the empty space in the plate, the KPASK1 cells continued to
move regardless of the frequent contact with other cells and their filopodia/lamellipodia.
To our regret, it was not possible to measure/quantify the movement of KPASK1 cells due
to their fast movement and intrinsic feature to form a bilayer of rounded cells attached
on top of the moving cells (https://data.mendeley.com/datasets/hpn8ptrSrw/1). For this
purpose, a specific artificial intelligence algorithm has to be created. Nevertheless, the
time-lapse microscopy helped to visually observe the morphological difference and

movement pattern due to its higher resolution and time-lapse imaging.

Cells deficient in SK1 demonstrated reduced proliferation
efficiency

To test whether deficiency of SK1 can affect cell migration, wound-healing and
proliferation assays were used. An inflicted gap in the wound-healing assay allows cells
to migrate towards the cell-free space, thus the movement can be assessed. The

pictures taken at 24 and 48 h time points revealed that KP cells were able to fully close
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the wound after 48 h. In contrast, KPASK! cells repeatedly showed reduced capacity to

completely populate the gap (Fig. 11A-C.) [91].
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Figure 11. Wound healing assay. A) Analysis of control and KPASK1 cells to close the wound during 48-h
period. B) Scratch area in 48 h, KPASK1 cells did not close the wound. C) Percentage of wound closure,
only ~ 70% of the wound area were covered by KPASK1, Two-way ANOVA (alpha < 0.05).

The proliferation assay, where cells were harvested to be counted every 24 h for
a time period of four days, a similar pattern was noticed . While the number of KP cells
steadily increased with the significant jump at 96 h (almost ~ 6 times increase in
proliferation), KPASK1 cells exhibited statistically significant decrease in proliferation

compared to their control counterparts (Fig. 12).
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Figure 12. Comparison in proliferation pattern of KPASK1 and KP control cells. At 72 h KPASK? cells
continued proliferate less compared to control reaching the highest drop in proliferation capacity at 96 h.
Control KP cells proliferate faster than KPASK1 cells. Two-way ANOVA (alpha < 0.05).

While the proliferation capacity of KPASK1 cells was reduced in the wound-healing
assay, the notable diminished proliferation might be due to the everyday trypsinization of
cells and/or the inability of KPASK1 cells to quickly produce vital proteins for cell

attachment, movement, and subsequent division.

KPASK1 cells showed random cell maotility and lack of monolayer
formation

To assess whether KPASK1 cells display possible directionally in their
movement, we decided to use fluorescent microscopy. For this, we created GFP-
expressing KP and KPASK! cells (further KP_GFP and KPASK1 GFP) using GFP-
expressing lentivirus. The control non-fluorescent cells and cells expressing GFP were
plated in 12 well-plate (1:1) so that the difference in cell movement can be observed at
24h of co-culturing. As seen in Figure 13, KP cells migrate in closely associated groups
forming a monolayer. In contrast, KPASK1 cells exhibit random single-cell movement and
lack of monolayer formation. Interestingly, we have noticed a slight change in KPASK1
cells abundance when co-cultured with KP cells (KP-KPASK1 image). This led us to

suspect that KP cells release compound which can affect KPASK1 cells proliferation.
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Figure 13. Fluorescent migration assay 24 h after wound introduction. Control (KP) cells form
cellular sheets while KPASK1 cells do not exhibit tight associations between the cells and freely move
around whole area.
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Sphingosine-1-phosphate is not able to rescue the proliferation

capacity of KPASK1 cells

To check the ability of sphingosine-1-phosphate (S1P) to influence KPASK!
proliferation, we performed FACS analysis of co-cultured KPASK1 and KP cells. For this,
we used specific CellTrace™ dyes (violet and CFSE) allowing us to distinguish and track
multiple cellular generations along with discrimination between our single- or co-cultures
at a time point of 72 h. These dyes are cell-permeable non-fluorescent esters of amine-
reactive fluorescent molecules which upon cell entrance are converted to a fluorescent
derivative by cellular esterases, leading to proteins’ amine groups binding and
consequently long-term cellular retention. Upon division, each daughter cell receives
approximately half of the fluorescent label from their parental cell, thus enabling tracking
cells for multiple generations.

To clearly distinguish every generation, we stained cells with the mentioned dyes
every other day upon harvesting for FACS analysis. We also included two additional
controls when KPASK1 cells were stained independently with both of each dyes and then
mixed together. Same experimental protocol was used for KP cells. These controls were
performed in order to test the possible dye effects on cell viability. In addition, we
included a live-dead marker (yellow) to clearly distinguish the dead-cell population. The
analysis of three independent experiments demonstrated that S1P or other secreted
factors released from KP cells with did not recover the proliferation capacity of KPASK1
cells (Fig. 14).
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Figure 14. FACS analysis. Coculturing of KPASK1 with control KP cells did not resulted in increased
proliferation capacity. A) Proliferation of KP cells at 24 h and 72 h. B) Proliferation of KPASK1 cells at 24 h
and 72 h. C) Proliferation of KP cells (violet) compared with KP cocultured with KPASK1 cells (magenta) at
72 h. D) Comparison of proliferation of KPASK1 cells (blue) with KPASK! cocultured with KP cells (magenta)
at72 h.
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To reconfirm these results, we have decided to perform a rescue experiment for
KPASK1 cells by using the supernatant of KP cells and vice versa. It is known that S1P
acts in an autocrine and paracrine manner and its release from the cells could affect
KPASK1 cells. Thus, we plated 5 x 105 cells of each cell line and collected supernatants
after 24 h. Next, the same cell number was plated into 6 cm Petri dishes, and the
supernatant from KP cells was applied to KPASK1 cells, while the supernatant from
KPASK1 cells was added to KP cells. For both, the complete media was added in a 1:1
ratio to the supernatants to supply cells with vital amino acids and with the final FBS
concentration to 10% to mimic the normal environment. As additional controls, both KP
and KPASK1 cells were substituted with their own supernatants. After 48 h, we harvested
and counted the cells. Our results from the rescue experiment verified that the
supernatant of KP cells, which should contain S1P, failed to rescue the proliferation

capacity of KPASK1 cells (Fig. 15).
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Figure 15. Rescue capacity of S1P. S1P or other secreted factors contained in the supernatant of
control KP cells were not affecting proliferation capacity of KPASK1 cells.

KPASKicells exhibited increased movement but reduced
invasiveness compared to KP cells

To confirm whether the migration pattern of KPASK1 and KP cells from the 2D
settings translates into the 3D environment, we performed the transwell assay. This
assay tests the ability of cells for chemotaxis. For this, we used specific transwell inserts
containing membranes with 8 um pores. The 10% concentration of serum in the medium
in the 12 well-plates and the 2% in the inserts served as a chemoattractant for the
plated cells. After 48 h incubation, we observed the significant movement of KPASK1 cells
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into the lower chamber compared to KP cells. This result shows increased movement of
KPASK1 cells in 3D culture which was previously observed for our 2D co-culture
experiments. However, the extensive movement does not indicate invasion ability of
these cells (Fig. 16).

400+

*kk

300+
200~ |

100+

Cell number

ol L

€ e
igv

Figure 16. Transwell assay. KPASK1 cells exhibit profound migration toward chemoattractant compared to
control KP cells. Two-way ANOVA (alpha < 0.05).

To study the invasion capacity of the KPASK1 cell, we performed the same assay
with addition of matrigel as a tool to mimic an extracellular environment/matrix [93]. After
48 h analysis demonstrated that KPASK1 cell were able to degrade matrix proteins
showing invasion ability. However, to our surprise KP cells showed significantly greater
invasiveness compared to KPASK! cells (Fig. 17). Comparison of both migration and
invasion transwell assays led us to suspect that lack of SK1 promotes cell migration but

reduces the invasion capacity of KO cells.
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Figure 17. Transwell invasion assay. KPASK1 cells exhibit less invasiveness compared to control KP
cells. Two-way ANOVA (alpha < 0.05).
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KPASK1 cells revealed specific expression profile

To further dissect the KPASKT morphological features, we aimed to investigate the
transcriptional profile of these cells including possible alterations in the expression of
immune checkpoint molecules compared to control cells. Specifically, we were
interested in genes responsible for the cell-cell junctions, adhesion, and movement as
they were shown to greatly facilitate metastatic potential of cancer cells as well as PD-
L1 and other genes implicated in cancer. For this, we performed an RT-qPCR analysis
of KP and KPasK1 cells with three technical and biological replicates.

The two genes coding for E-Cadherin (CDH1) and N-Cadherin (CDH2) were
downregulated while the gene for the B-Catenin was in turn slightly upregulated in
KPASK1 cells. Interestingly, all three proteins play important roles in the cell-cell junctions,
cellular adhesions, epithelial to mesenchymal transitions, and were shown to be
implicated in cancer. In addition, B-Catenin has a second function in Wnt signalling
which is involved in autocrine/paracrine cell communications and its misregulation leads
to cancer development. The expression of Snai1/2 genes, which are involved in the
regulation of adhesion molecules, and VIM, a member of intermediate filaments protein
family, were not affected in KPASK1 cells (Fig. 17A).

We were also interested in Fascin1 protein. Fascin 1 is an actin-bundling protein
that was shown to be involved in metastasis upon its overexpression. Here, we
observed almost complete abrogation of mMRNA production in KPASK? cells which was
further supported on the protein level by western blotting (Fig. 17B). HIF1A gene is
known for its response to cellular and developmental hypoxia. Its misregulation was
shown in many cancer types with aggressive tumor progression. In our KPASK1 cell, the
relative expression of this gene was almost twice higher than in control KP cells (Fig.
17C). With regard to the PD-L1 expression, we did not notice any difference in the gene
expression profile between both cell lines.

Overall, these alterations in gene expression profiles might explain the
phenotypic features of KPASK1 cells. For instance, the low potential to form cell-cell
junctions’ can result in increased random movement and lack of monolayer formation or

significantly lower proliferation capacity compared to control KP cells.
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Figure 17. Relative mRNA expression. A) CDH1 and CDHZ2 genes are downregulated in KPASK? cells.
B) HIF1A is overexpressed while Fascin1 significantly downregulated in KPASK? cells. C) Downregulation
of Fascin1 expression is confirmed on a protein level. Student T-test (p<0.05)

Discussion

Genetic alterations in oncogenes along with the tumor suppressors frequently
lead to tumorigenesis. In lung cancer, the most common mutations happen in KRAS,

EGFR, and p53 genes. The KRAS-associated tumors frequently emerge from epithelial
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cells subjected to persistent pro-inflammatory signals and constant environmental stress
(e.g. smoking) while EGFRs are common in non-smokers. KRAS mutants induce
expression of pro-inflammatory NF-kB and cooperate with Myc, known for its
immunosuppression function [97,98]. PD-L1, the immune checkpoint like programmed
death-ligand 1 which prevents T cells from killing cancer cells, is highly expressed in
KRAS LUAC [99]. Moreover, the potent anti-inflammatory A20 protein was recently
shown to be downregulated helping cancer cells evade tight immune control, thus tuning
the tumor microenvironment[100]. While EGFR tumors more often respond to current
antitumor therapies, KRAS-associate tumors are notoriously difficult to treat.

The intrinsic feature of any cancer cells is their ability to rapid proliferation and
constant alterations in signalling profiles to escape host immunological response. Due to
the genetic heterogeneity of lung cancers, tumor cells are prone to quick resistance
development if subjected to monotherapy. At present, combined therapies proved to be
a game-changer in lung cancer treatment, thus the search for new target molecules is of
utmost importance. The overexpression of SK1 was shown to play an important role in
breast, colon, prostate, and lung cancer progression [70-72]. This makes SK1 a
promising target and could probably show clinical benefits if combined with other cancer
therapies. Intriguingly, our laboratory performed a high-throughput afatinib-based
screening (tyrosine kinase inhibitor used for NSCLC treatment) to identify any potential
molecules able to boost the efficacy of afatinib in KRAS-associated tumors and SK1
was shown to be a promising target. Hence, the main goal of this study was to unravel
the role of the SK1 in the growth, survival, and potential oncogenic signalling pathways

of tumor cells.

Morphologic description of KP cancer cells lacking SK1

To characterize the role of SK1 in lung adenocarcinomas (murine KP cells), we
took advantage of widely used CRISPR/Cas9 technology. It enabled us to create a cell
line with a complete deficiency of SK1 expression rather than just silencing it with a
chance of leakage and subsequent alterations in the results. The absence of SK1
expression we confirmed both on mRNA and protein expression levels.

Interestingly, the absence of SK1 led to a significantly altered morphology of
KPASK1T cells compared to the parental cell line. In particular, we observed the extended
filopodia formation typical for characteristics of mesenchymal cells [101]. It was shown

that the transition between epithelial to mesenchymal phenotype is associated with the
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cytoskeleton remodeling. These cellular filopodia/lamellipodia-like structures of KPASK1
are not temporary features that are common for trypsinized cells to adhere to the
surfaces and create cell-to-cell contacts but are an intrinsic feature of KPASKT cells.
Moreover, even in a densely populated environment, KPASK1 cells still exhibit prominent
filopodia development. However, this specific KPASK! feature is not applicable for
example to the breast cancer study where cells lacking SK1 expression exhibited
rounded morphology compared to control cells [96]. The mentioned study used shRNA
to abrogate SK1 expression, which could potentially lead to a small SK1 leakage and
other mechanisms responsible for the changed morphology.

Nevertheless, the potential mesenchymal phenotype of our KPASK! cells is
supported by analysis of gene profiles molecules that are responsible for cell-cell
adhesion, interactions, and communications. For instance, adhesion proteins like
cadherins are located on the cell membranes of adjacent cells and thus sealing the
adjacent cells to each other and helping in tissue formation. The downregulation of both
E-cadherin and N-cadherin can abrogate vital cellular connections leading to the
observed mesenchymal phenotype. On the other hand, we noticed elevated B-Catenin
expression. -Catenin connects cadherins to cytoskeletal proteins and is involved in
Wnt signalling. Wnt is a known signalling pathway activated during epithelial-to-
mesenchymal transition thus it well supports the mesenchymal morphology of KPASK1
cells. Altogether, these results indicate a considerable role of SK1 is in the maintenance

of the cellular structure and organisation.

SK1 ablation leads to reduced proliferation, invasiveness and

increased motility

Since the intrinsic feature of cancer cells is characterised by their rapid
proliferation and survival, we speculated that knock-out of SK1 would result in a
decreased ability of KP cells to proliferate via ablation of S1P signalling. To determine
the proliferative capacity of KPASK? cells, we performed two experiments: the wound-
healing assay and the proliferation assay. The wound-healing assay also provides an
insight into the migration pattern of cells.

The wound-healing assays showed inability of KPASK1 cells to completely close
the wound in comparison to the parental KP cells. During the proliferation assay, when
cells were harvested each 24 h for three days, we observed a reduction in proliferation
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as well. However, this reduction was more statistically striking than in the wound-healing
assay. One might argue that everyday trypsinization might affect the proliferation
capacity of KPASK1 cells which we well support. Nevertheless, while maintaining KP and
KPASK1 cells we observed results similar to wound-healing assay (data not shown here).

The collective migration is an indispensable hallmark of cancer cells to promote
invasion and metastasis [102]. To assess the cellular migration of KPASK! cells we
created GFP expressing KPASK1 and KP cells to be able to co-culture them and
discriminate between the KO and parental cell line. In addition, we wanted to investigate
whether KP can affect KPASKT cells if co-cultured. For this, we generated GFP-
expressing lentiviruses and transduced both KP and KPASK! cells. Unfortunately, we
were not able to produce RFP-expressing cell lines for better representation due to the
problem with the RFP expression vector. So we again performed a wound-healing assay
but added two additional conditions where KPASK1 GFP cells were co-cultured with KP
lacking GFP and vice versa. Our results showed that the KPASK1_GFP cells were not
able to re-populate the inflicted wound. In addition, we observed the random movement
of these cells. Compared to KP_GFP, which were moving in closely-associated groups
forming cell sheets, KPASK1_GFP cells were randomly distributed and did not form
closely-associated groups. Since we had KP cells expressing dTomato (although not the
parental KP but genetically similar) we decided to perform an additional wound-healing
experiment to better visualise the difference between KPdTomato and KPASK1 GFP
cells. As expected, KPdTomato cells followed the same pattern of movement and sheet
formation while KPASK1 _GFP cells were randomly distributed (Fig. S1).

Based on these results, we conclude that the SK1 might be responsible for
cellular proliferation with the implication to form closely associated groups vital for the
efficient spread and survival of cancer cells. Although one may argue that increased cell
motility may result in faster metastatic potential, the misregulation of the adhesive
molecules may prevent better invasiveness of these cells as noticed in the 104T
melanoma cell line [103]. It is worth mentioning that cell motility is not equal to cell
spreading due to their mechanistically different patterns [104]. Indeed, the results from
both migration and invasion transwell assays supported this notion. Although migratory
pattern of KPASK? cells was significantly higher compared to parental cells, the invasion

capacity was notably lower that in the case of KP cells.

56


https://paperpile.com/c/UguWOV/yLHRN
https://paperpile.com/c/UguWOV/0Qurk
https://paperpile.com/c/UguWOV/Z52FO

S1P is not able to rescue KPASK1 cellular phenotype

Due to the tight axis between S1P and SK1, and the broad implications of S1P
signalling, we were wondering whether S1P could rescue the proliferative capacity of
the KPASK1 cells. At first, we took advantage of specific proliferation dyes for FACS
analysis where cells were stained with different dyes, mixed together, and analysed after
72h. These three independent experiments demonstrated inability of KP cells to
increase proliferation capacity of KPASK1 cells.

Next, we performed an additional experiment to support our FACS results.
Therefore, we collected the supernatant from both KP and KPASK? cells. The KP
supernatant with or without supplements described in the results and method sections
was added to freshly plated KPASK! cells while KPASK! supernatant was added to KP
cells in the same manner. Regardless of additives, we observed no difference in
proliferative capacities of both cell lines meaning that S1P is not able to influence or
rescue the phenotype of KPASK1 cells. Indeed, the proper cellular adhesion is thought to
be a prerequisite for the correct functioning of cellular receptors [105]. Via improper
expression of adhesion and cell-junction proteins, the SK1 abrogation might indirectly
lead to improper functioning of S1P receptors which can explain why the supernatant of
KP cells containing S1P was not able to rescue the phenotype of KPASK1 cells. However,
it might be possible that KPASKT biology might be receptor independent which could

potentially in anyways be an advantage for cancer treatment.
Conclusion and outlook of this study

In this study, we showed that deletion of SK1 caused significant drop in
proliferation capacity of KRAS-mutated mouse adenocarcinoma cells. Moreover, the
accompanying morphological changes resulted in extensive filopodia/lamellapodia
formation, increased random movements but decreased invasiveness which is in line
with the study on metastatic potential of SK1 in triple-breast cancer [96]. Here we
demonstrated that expression of Fascin 1, the protein involved in metastasis, was
abrogated in KPASK? cells. In addition, we assessed the mesenchymal gene expression
profile which is important for cancer cells to acquire a mobility pattern for migration from
the primary sites. In our KPASK1 cells, E-cadherin and N-cadherin expressing genes vital
for epithelial-mesenchymal transition [106] were downregulated. The underlying

mechanism of increased migration pattern of KPASK? cells is yet to be elucidated. Finally,
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we showed that the biological SK1 is rather intracellular and cannot be rescued by its
product, S1P.

In conclusion, this study was focused on elucidation of the biological role of SK1
in vitro KRAS-mutated murine adenocarcinoma model. It is needed to test these results
on in vivo models as it might produce a different outlook. For example, to test the
metastatic potential of KPASK? cells we can use KPASKI-GFP cells transplanted to mice.
The FACS analysis of cells from lungs, spleen and kidneys could potentially show the
distribution of fluorescently labelled cells. Lastly, the KRAS-driven adenocarcinoma was
shown to respond to a pan-ErbB inhibitor, afatinib [107]. However, the application of
afatinib as a monotherapy could lead to tumor resistance. Hence, the potentially
advantageous synergism of SK1 targeting along with simultaneous application of

afatinib can be tested in KRAS-mutated model in vivo .
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Supplementary figures

Figure S1. Fluorescent wound-healing assay. KP cells expressing dTomanto (KPr) and KPASK1
expressing GFP (KPASK1_GFP) were co-cultured for 48 h after initial scratch (0 h time point). Compared to
KPr cells, KPASK1_GFP exhibited random movement with lack of cellular sheet formation.
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