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1. Introduction

The hallmarks of cancer (Fig. 1.1), are defined as a set of molecular, biochemical, and cellular
traits acquired by the cancer cells during the multistep development of human tumors. These
functional capabilities are shared by almost all types of hunaignanciesalthough they are

not necessarily acquired through similar mechanisms or at the same time. The concept of cancer
hallmarks was introduced in 20Q0danahan and Weinberg 2000his conceptual framework

aids in rationalizing the complexity of tumorigenesis, and is continuously revisited. Eight core
capabilities have been described, including sustaining proliferative signaling, evading growth
suppressors, resisting programnual death, inducing angiogenesisenabling replicative
immortality, activating invasion and metastasis, evading immune destruction, and
reprogramming of energy metaboligidanahan and Weinberg 2000, 201Throughout the

past two decades, more acquired features have been introduced, such as unlocking phenotypic
plasticity, and undergoing epigenetic modificatiofidéanahan 2022)Emerging evidence
indicates a complex interplay between different hallmarks. Our interest is focused on the

crosstalk between metabolic rewiring and tumor invasion and metastasis.

Avoiding unlocking
immune phenotypic
destruction plasticity
i undergoin
Deregulating ( ‘> epige%eticg
cellular modifications

energetics

e

Sustained

proliferative
signaling

L AT G A
< - A i
©
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suppressors % = cell death
A

Inducing Activating
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Enabling
a replicative
® | immortality

Figure 1.1. Schematic illustration of the hallmarks of cancer.The hallmarks defined by Hanahan

and Weinberg are shown, with an emphasis on activating invasion and metastasis, and deregulating
cellular energetics. Adapted frofhlanahan 2022; Hanahan and Weinberg 2000, 2@r&ated with
BioRender.com

10



1.1. Cancer invasion and metastasis
Metastasis, the spread of cancer cells from the primary tumor to distant sites, is the

terminal and most lethal manifestation of cancer. The majority of caeled¢ed deaths result
from metastatic disease rather than the primary tu(iMaasi et al. 2024)Although the precise
proportion of metastasi®lated mortality cannot be accurately calculg@ilekas, Rogers,
and Straume 2019)ts devastating clinical impact is indisputable, underscoring the need to
target this process at its earliest stagieparticular, brain metastas which occur in 2810%
of systemic cancer patientgeassociated with poor quality of life, ahohited overall survival
(Achrol et al. 2019; Suh et al. 2020)hetrueincidence rates are thought to be higthan the
reported numbersaisimproved primary tumotreatmentsaand extended survival duration$
patientshave increased the risk of metastatic spread to the (@eenner and Patel 2022; Suh
et al. 2020) Moreover, many patientsith extracranial cancetfo not undergo routine brain
MRI screening, and do not display neurological symptoms, hind#reigdiagnosis. Almost
every cancer type can metastasize to the brainthieuhajority of brain metastases develop
from lung, breast, and skin cancéfschrol et al. 2019; Brenner and Patel 2022; Suh et al.
2020) Notably,the primary tumor type dhe molecular subtype can further dictate the risk of
developing brain metastasésing carcinomaatientsare more likely tadevelop secondary
brain tunorsmore often thapatients withothertumors with small cell and nosmall cell lung
cancers (NSCLC) showing the highest incidence among lung cancer subtgpesver, lbeast
cancer patientsf human epidermal growth factor receptor 2 (HERB@3itiveor triple negative
(TNBC) subtypes have significantly higher risk of developing brain metastases compared to
thosewho haveestrogerpositive and/or progesteroqpesitive breast cancdAchrol et al.
2019; Aizer et al. 2022; Suh et al. 202@%cording to brain tumor statisticstain metastases
account for the majority of brain neoplasms and exceed the number of benign and malignant
primary brain tumors combing@renner and Patel 2022; Khan and Steeg 2022; McFaline
Figueroa and Lee 2018)hile the most prevalent and aggressive primary brain malignancy is
isocitrate dehydrogenasdéld-type glioblastoma (IDHWT GBM) (Lapointe, Perry, and
Butowski 2018; McKinnon et al. 2021; Schaff and Mellinghoff 202Bgspite the rare
incidence of extracranial GBM metastasis, GBM cdliplay highly diffuse infiltration and
aggressive invasion into the surrounding brain parenchigading to a high rate oécurrence
following therapeutic interventior{®ouyan et al. 2025; SekBolat et al. 2022 onsequently
the current treatment modalities, including surgical resection, followed by concomitant

radiotherapy and chemotherapyd subsequeatdjuvant chemotherapgnly slightly improve

11



patients outcomgPouyan et al. 2025; SekPolat et al. 2022)The development of novel
therapies for invasive GBM poses enormous challenges similar to those for brain metastases.
Metastasis is a multistep proce$tie metastatic cascade (Fig. 1.2), comprehensively
described by Dr. Isaiah J. Fidlgidler 1990, 2003)begins with molecular and phenotypical
changes in cancer cells. These changes are collectively known as the epatimeéakenchymal
transition (EMT)(Brabletz et al. 2021; Dongre and Weinberg 2019; Nieto et al. 2016; Thiery
2002) Acquired mesenchymal traits facilitate cells detachment from neighboring cells, and
degradation of the extracellular matrix (ECM), followed by increased migration and invasion
into the surrounding tissu&idler 1990, 2003)Metastasignitiating cells subsequently enter
nearby blood and lymphatic vessels through a process termed intravasation, allowing them to
disseminate via the circulatory system. Upon reaching distant sites, they exit the vasculature
through extravasatioand infiltrate the parenchyma of secondary organs, where they establish
small nodules of micrometastases. These disseminated tumor cells can often remain in a
dormant state. Eventually, they evade immune surveillance, adapt to the new
microenvironment, r@d resume proliferation and colonization of the tissueldeelopinto
macroscopic lesiong-ares et al. 2020; Hanahan and Weinberg 2000; #&vazalez, Bévant,
and Blanpain 2023)

& () EmT
@ Micrometastasis

PRGN T Y — ’ ¢ A ‘A‘JI“T,“' 4‘)—} e 3‘7

| l | @ | 4] lo/@| @@
[ SR SRR N G S S ,\,__,‘:7,,)\,7 A

Primary Tumor Site i Site of Metastasis

y lu S @ Invasion
\ _—
@ Intravasation @ Extravasation @ Colonization
- \ -~ -

"
@ Circulation

Figure 1.2. Overview of the metastatic cascadeSchematic showing the essential steps of
metastasis.(1) Malignant cells activate the EMT program, (2) migrate and invade their surrounding
tissue and break through the basement membran&h€3) intravasate into nearby vessels, (4) where
they travel through and survive in the circulation. (5) Once they reach their secondary sites, they
extravasate and cross the endothelial barrier. (6) They form dormant micrometastasis, which upon
microenviromental cues, (7) colonize the tissue and form clinically detectable macrometastasis.
Adapted from(Drapela and Gomes 2021; Fares et al. 202ated with BioRender.com

12



1.1.1. EMT under physiological and pathological conditions

EMT is a reversible cellular program that enables polarized epithelial cells to partially
or fully transition towards a mesenchymal phenotype, characterized by high motility (Fig. 1.3).
During embryogenesis, EMT plays a critical role in key developmemtaepses such as
gastrulation, tissue morphogenesis, and neural crest delamifiatiogre and Weinberg 2019;

Lu and Kang 2019; Youssef and Nieto 2024) adult tissues, EMT is transiently activated
during physiological wound healing and tissue reféoussef and Nieto 2024put can be
pathologically reactivated in conditions such as fibrosis and cdBebaei, Aziz, and Jaghi
2021; Péref5onzalez et al. 2023; Yang et al. 202BMT was long considered as a binary
switch, however, recent studies have suggested that EMT is a dynamic process, where cells
could exist within a continuum of intermediate or hybrid states, which simultaneously exhibit
both epithelial and mesenchymal (E/M) properties. These hybrid states, faelseddo as
quastmesenchymal cell states, confer high plasticity, allowing cells to reversibly transition
between states depending on environmental cues, a phenomenon termed dpithelial
mesenchymal plasticitfeMP) (Chaffer et al. 2016; Dongre and Weinberg 2019; Nieto et al.
2016; Thompson et al. 2025; Yang et al. 2020)

In the context of tumor progression, carcinoma cells in E/M states are endowed with
features like enhanced invasion and metastasis, cancer stem cell properties, increased
inflammation, therapy resistance, immune evasion, and the ability to resist atiogis,
detachmeninduced apoptosis, during dissemination and circulatBmabletz et al. 2021;
Dongre and Weinberg 2019; Lu and Kang 2019; Thompson et al. 2025; Youssef et al. 2024)
Although mesenchymal features facilitate early steps of metastasis, secondary tumors often
exhibit similar histological characteristics as their epithdii@ primary counterparts. This
observation highlights the necessity of a reverse process, ksomesenchyméb-epithelial
transition (MET), during which metastasizing cells lose their mesenchymal features and revert
back to an epithelial state with high proliferative capac{@abletz et al. 2001; Lu and Kang
2019) While EMT/MET are considered accountable for successful invasion and colonization
in distant locations, a more comprehensive understanding of possible alternative mechanisms
is also desire@Huang, Hong, and Wei 2022; Jolly et al. 2017; Nieto et al. 2016)

Prior to the onset of EMT, epithelial cancer cells dis@ayell-defined apicabasal
polarity and maintain close caikll adhesion through various intercellular junctions, including
tight junctions, gap junctions, desmosomes, and adherens junatansgy mediated by
epithelial cadherin (Eeadherin) Epithelial cells are also anchored to the basement membrane

via hemidesmosomes (Fig. 1(&pamouille, Xu, and Derynck 2014; Lu and Kang 2019; Yang

13



et al. 2020) This organization maintains their structural and functional inte@raynouille et

al. 2014, Springer et al. 2023)uring EMT, these different junctions are deconstructed, E
cadherinat the plasma membrane is cleaved and subsequently degradadiimegitoskeletal
architecture is reorganized. This is accompanied by a loss of -apial polarity and the
acquisition of frontrear polarity, resulting in a morphological change from a polygonal to
spindlelike shaped mesenchymal cells, with increased cell motility and protrusions, facilitating
degradation of the ECM and invasion into surrounding tissues (Fid=if.2.3) (Lamouille et

al. 2014; Lu and Kang 2019; Yang et al. 2020)

At the molecular level, these phenotypic changedi@ven by a reprogramming of gene
expression (Fig.1.3). Epithelial markers such as-d@adherin, Claudins, Occludins, and
Cytokeratins are downregulated or transcriptionally repressed. Concurrently, mesenchymal
markers are upregulated, including neural cadheriegdherin), an adhesion molecule that
promotes irgractions and attachment with neighboring mesenchymal cells, and Vimentin, an
intermediate filament protein that interacts with motor proteinscanttibutes to cytoskeletal
plasticity and motility(Yang et al. 2020)n addition, EMT confers the capacity to traverse the
basement membrane through the upregulation of matrix metalloproteinases (MMPSs), a family
of proteases that degrade the ECM componehisieby facilitating local invasion and
intravasatior(Dongre and Weinberg 2019)

A similar transcriptional and phenotypic reprogramming process has also been
described in GBM, commonly referred to as pronetgahesenchymal transition (PMT), ghal
to-mesenchymal transition (GMT), or more generally as an #ik€lprocessGene expression
profiling led to the classification of GBM into three or four distinct molecular subgroups with
different clinical implications, including proneural, (neural,) class@atl mesenchymal. The
latter is strongly associated with higher infiltration andneo prognosis compared to the other
sulgroups(Fedele et al. 2019; Majc et al. 2028)nglecell transcriptome analyses revealed
that although the names of the subgroups represent the predominant cell subtype, other cell
subtypes are also present in the same tuduerto the intrinsic intratumoral heterogeneity of
GBM (Verhaak et al. 2010; Wang et al. 2017; Xu et al. 20B&)ring PMT, GBM cells
transition from the proneural to the mesenchymal subtype, particularly at recurrence following
radiation and chemotheraffyedele et al. 2019; Iwadate 2016; Mahabir et al. 2014; Sa)at
et al. 2022; Xu et al. 2024)Several studies suggest that the molecular events and
microenvironmental factors thaatggerthis mesenchymal shift and contribute to the increased

diffuse infiltration of GBM cells into the brain parenchyma are similar to those governing EMT
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in carcinoma cellgDepner et al. 2016; Fedele et al. 2019; lwadate 2016; Mahabir et al. 2014;
Majc et al. 2020; Pouyan et al. 2025; SeRefat et al. 2022)

EMT is a complex procesgjuring which the changes inEMT-associated gene
expression profiles and phenotypes depend on the cellular context and the microenvironmental
cues, as discussed belolihe gene expression changesraganly orchestrated by a group of
transcription factors (TFs), witBnail (SNAI1), Slug SNAI2), TWIST1, TWISTZ2, ZEB1, and
ZEB2being considered as core EMT regulaiduamouille et al. 2014; Yang et al. 202They
regulate the repression of epithelial markers, and the activation of the mesenchymal genes (Fig.
1.3) (Haerinck, Goossens, and Berx 2028 detailed later.
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Figure 1.3. Overview of molecular and phenotypic changes during EMTUpon the induction by
microenvironmental stimuli, such as binding of inducing ligands to their receptors, EMP program is
activated, and molecular and morphological changes occur in epithelial cells, which lose their apical
basal polarity, by shedding theipithelial celicell junctions, passing by intermediate states where cells
have both E/M characteristics. At the end of the spectrum, cells gain a full mesenchymal phenotype,
with front-rear polarity,and an increasethvasive capacity. This is concurremtith changes in
intracellular adherent junctions and cytoskeleton filaments. EMT is orchestrated by core TFs which
repressthe expression of epithelial markers amttivatethe expression of mesenchymal rkexs.
Adapted from(Dongre and Weinberg 2019; Yang et al. 20Zeated with BioRender.com.
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1.1.2. EMT/PMT inducers

Both EMT and PMT hereafter collectively referred to as EMJan be triggered by
variousmicroenvironmental stimuli. Ligands secreted by neighboring stromal cells, such as
cytokines and growth factors, bind to their respective receptorsancercells, initiating
intracellular signaling cascades that ultimately activate the EMT pr(ideagre and Weinberg
2019; Péregtsonzélez et al. 2023)Key signaling pathwaysactivating EMT include
transforming growth factor bethf GH,b r ecept or tyr osi ncatenk, nases
tumor necr osi s andaNptchoRTK signglifipaiatgsEVN Bddociatedvents
through several downstream effectors, notablypti@sphatidylinositol Xinase (PI3KJAKT,
mitogenactivated protein kinase (MAPKand JAKSTAT pathways(Majc et al. 202Q)
Additionally, aher microenvironmental conditions, including oxygen level, nutrient
availability and ECM stiffnesare sensed by cancer celldog with intrinsic alterations such
as metabolic reprogrammintipey arantegrated into EMT regulatory networtgat controkhe
expression, stability, and activity of EMT TBRad ultimately their target gen@3abaei et al.
2021; Haerinck et al. 2023; Maijc et al. 2020; Williams et al. 2019)

1.111. TGFb pathway

The TGFb family of cytokines stands out
aforanent i oned signal s. What diinducingsignals isitdual T GF b
role in tumorigenesis, whereby it can exert both tusuppressive and tumgromoting
functions. Its functions vary from enforcing homeostasis in healthy epitheliumyiog anti
proliferative effects and inducing apoptosis in-pralignant cells, and finally promoting EMT,
invasion, and metastasis in advanced carcinoma and glimlastells(Hao, Baker, and Ten
Dijke 2019; Iser et al. 2017; Lebrun 2012; Massagué and Sheppard 2023; Seoane and Gomis
2017) The TGFb fnanmiodsytokingsof ivhicttbeesmost relevant members in
the context of EMT and tumor progression ar e
isoforms are secreted by various cell types within the tumor microenvironment, including
cancerassociated fibroblasts, canagsociated macrophages, or the cancer cells themselves
(Majcetal. 2020)Compared to EMT processes-inducedBEMTat ed |
has been extensively characterized, both in terms of its signaling pathways and transcriptional
regulatory networkéDerynck, Muthusamy, and Saeteurn 20l dGFb medi at es EMT
both canonical (®addependent) and nezanonical (8radindependent) signaling pathways
(Fig. 1.4) (Deng et al. 2024; Lamouille et al. 2014; Majc et al. 2020; Massagué and Sheppard
2023) In the canonical pathwaysct i ve TGFb homodi mers bind
composed of type Il (TGFBR2) and type | (TGFBR&)ine/threonine kinase receptors. Ligand
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engagement induces phosphorylation of TGFBR1 by TGFBR2, enabling TGFBR1 to
phosphorylate its substratesn&®? and $nad3 TFs. These activatedntacs then form

complexes with Biad4, translocate to the nucleus, where they regulate gene expression of
multiple genes, implicated in cell growth, proliferation, motility, and invagidongre and

Weinberg 2019; Massagué and Sheppard 20&28xdcomplexes also induce the expression

of EMT TFs, including SNAI1/2ZEB1, andTWIST1, as well as mesenchymal genes, such as
Vimentin and FibronectiiDongre and Weinberg 2019) These EMT TFs upr eq
ligand expression establishing a positive feedback loop that reinforces and sustains EMT
(Brabletz et al. 2021; Dongre and Weinberg 2019)

Il nterestingl y, acto6 btlier sggnaling pathwagsg(Figet)a such as
PISK-AKT, MAPK, JAK-STAT, and RHQIlike GTPases, in a rBadindependent non
canonicalmechanisnmDeng et al. 2024; Dongre and Weinberg 2019; Lamouille et al. 2014;
Massagué and Sheppard 2023; Xia 20d%)ese norcanonical pathways contribute to the
compl exity and versatility of TGFb signaling
PISK-AKT pathway, in particular, is frequently hyperactivated in a variety of malignancies,
including lung cancer and glioblastorflaanghans et al. 2017; Lin et al. 201#)hibition of
this pathway has been shown to impair EMT induction, and reduce invasive potential in
multiple tumor typegLamouille et al. 2014; Lin et al. 2014; Moghbeli 2024; Xia 2025)T GF b
ligands also activateultiple MAPK signaling axes, includingxtracellular signategulated
kinase ERK1/2), p38, and JNK, although to a lesser extent compared to growth-éativated
RTKs (Deng et al. 2024; Lamouille et al. 2014; Massagué and Sheppard. 2023ply,
pharmacological inhibition of ERKas been shown to reverBes Fibduced EMT, restore-E

cadherin expression, and suppress MMPs expreflsionouille et al. 2014)
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pathways Adapted from(Dongre and Weinberg 2019; Huang et al. 2022; Iser et al. 2017; Maijc et al.
2020) Created with BioRender.com

1.1.1.2. Hypoxia pathway

Hypoxia, or low oxygen (& level, is a common environmental stress, and a
characteristic of solid aggressive tumors, including GBM, breast, and lung carcigtuaag,
Lin, and Taniguchi 2017; Iser et al. 201This condition arises when the rapid and uncontrolled
proliferation of cancer cells within tumor tissue outpaces the oxygen supply provided by the
existing vasculature and the newly formed, yet often dysfunctional, blood vé3Skels et al.
2023; Hapke and Haake 2020; Muz et al. 2015; Shen et al..ZD2i4)generates a hypoxic
tumor microenvironment, with oxygen concentrations reaching as low as (Qd$man,
Koivunen, and Kaelin 2020)n response, cancer cells activate a range of adaptive mechanisms
to thrive in this microenvironmenfiser et al. 2017) Adaptation to hypoxinduced
microenvironmental change is mediated by the hypmdacible factors (HIFs). These TFs

regulate the expression of hundreds of target genes, including those involved in glucose
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metabolism, enabling a metabolic shift towards aerobic glycolysis, angiogenesis, increasing
oxygen and nutrients supply to hypoxic niches, mitogenesis, and EMT and invasion, supporting
cancer cells growth, survival, and metast@san et al. 2023; Hapke and Haake 2020; Huang

et al. 2017; Saxena, Jolly, and Balamurugan 2020)

Transcriptional regulation by HIF proteins t®ordinatedby a heterodimeric HIF
complex, compromising of two subunits, an oxygensitve HIFU subuni t , an
constitutively expressed oxygémdependent Hib s ubuni t , al so known a
nuclear translocator (ARNT). Both HE and b -AmrSima(PAS) dBreains that
facilitate proteinprotein interactions and are essential for the dimerization of the two sybunits
as well as a basic hellwop-helix (bHLH) domain, which medias®NA binding of the dimers
(Dengler, Galbraith, and Espinosa 2014; Springer et al. 20BB)e are three isoforms of HIF
U subu#ilt ,-2HH,IFFa#8d, Hlelc h e x hi b-iandicongxspkdifis t i n c t
functions (Abla et al. 2020) All HIF-U i sof or ms aependenati degradatog g e n
domains (ODDDs), which serve as targets for their oxygediated hydroxylationbg r o | y |
hydr oxy!l acsoen tdaoimaiinng pAbla etali 202€) (BroH{I$a)kd FAII F
harbor two ODB@&mMDikal andn@erminat transactivating domains (NTAD and
CTAD) (Fiorini and Schofield 2024)CTAD of these isoforms also contains a conserved
asparagine residue, which is critical for the recruitment of transcriptioradto@torsC R E-B
binding protein (CBP) a nidcontrastsHIF3 tbelypassessesyal t r a n
single ODDD and lacks a CTAD, suggesting a structurally and functionally distinct role
(Dengler et al. 2014)

Under normoxic conditions, PHOsy dr oxy|l at e two conserved
ODDDs iUprmitei ns; Pr o4 0R aamrdd PRroctPD&E4 aingl ,HIrfo 5 3
triggering the recognilLtiinodna ua npdr obai ensdaibrifigh KoL )v, o
E3 wubiquitin |igase -duobmpg ueixt,i mehtiicohn iannddu cseusb sk
degradati on by (tFhieg (RbEi&t &pP02;tHeamged ah@017) Howe v er ,
under hypoxina,dturddBso atrhee |iascrke voef altiosx ghyl@ePay | dhi o
and subsequenal | &g wasdtadb Folni,zat i on, nucl ear
di mer i z at i-IbnThewheterbdimet IreEognizes and binds to the core consensus
seguenA@CGCHE®3 6 wi t hi-raspohsg plementsa(HRES) in the promoter of
target genegDengler et al. 2014; Huang et al. 2017; Saxena et al. 202@ complex
subsequently recruits CBP/p300, thereby initiating and sustaining transcriptional activity (Fig.
1.5)(Dengler et al. 2014; Springer et al. 2025)
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A functional link between invasion and hypoxia, as cancer hallmarks of metastasis and
angiogenesis, has been establisfi¢gpke and Haake 2020; Saxena et al. 2020; Shen et al.
2024) While hypoxic regions are typically present within the tumor core, studies have shown
that the invasive tumor edge, often enriched in cells with a pronounced mesenchymal
phenotype, also contains HIF Lpositive cell§Saxena et al. 2020ndeed, HIFs can promote
EMT and invasion via multiple mechanisms, including the modulation of EMT signaling
pathways, and direct transcriptional regulation of EME (Hapke and Haake 2020; Shen et

al. 2024) For instance, in gliomas, hypoxia promotes the recruitment of resident or infiltrating

myeloid cells. These i mmune cells release cy
in turn initiate EMT and upregulate core EMT Tfgadate 2016)Notably, both HIFL U an d
TGFb have been shown to reciprocall {Hapeenhance

and Haake 2020Hypoxia not only activates signaling cascades that drive ERlexpression

but also directly induces their transcription. The promoter regions of key B Tincluding
SNAI1, ZEBYV2, andTWIST], harbor conserved HREs, which are recognized and directly
bound by HIF1, thereby initiating EMT program, and promoting cancer cells invdblapke

and Haake 2020; Majc et al. 2020; Saxena et al. 2020; Shen et al. 2024)
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Figure 1.5. Overview of the HIF signaling pathwayHIF-1 U i s hy dr o xepzyreesiredler by PH
normoxia, which activatessitpVHL-mediatedubiquitinationfollowed by proteasomal degradation.
Under hypoxia, PHDs become inactive, HIBis stabilized, translocat¢o the nucleushinds to HIF
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1 bandtogether withtheir transcriptional ceactivators regulate target genes, such as EMT TF genes
Modified from BioRender.com

1.1.3. EMTTFs

The molecular and phenotypic changes associated with EMT are governed by core EMT
TFs, namely SNAI1/2ZEB1/2 andTWISTY/2 (Fig. 1.3) Their levels are tightly controlled
through transcriptional, po$tanscriptional, postranslational, epigenetic, and metabolic
mechanisms. The level and activity of EMT TFs in turn determine the cell state along the EMP
spectrum and influence the exteand reversibility of the EMT phenotyfélaerinck et al.
2023) These TFs can also regulate one another and often share and cooperate at some sets of
target genedhowever,the inhibition of a single TF has been shown to be sufficient to block
EMT in vitro (Gonzalez and Medici 2014; Yang et al. 202@preover the same Tkan
function as both transcriptional repressor and activdapending orits binding partners and
the chromatimrmodifying enzymegecruited to thetarget genegHaerinck et al. 2023)In
addition to the welcharacterized core EMTFs, a growing number of additional regulators
have been identified that contribute to EMT induction and the acquisition of invasive and
migratory capabilities, althougheir detailed functions are not well elucidat&aitoh 2023;
Youssef et al. 2024)These includdorkhead box C1 (FOXC1l)airedrelated homebox 1
(PRRX1) YAP/TAZ, TCF3, among othersmany of which function within broader
developmental or oncogenic signaling pathw@yaerinck et al. 2023; Lambert and Weinberg
2021; Lu and Kang 2019; Yang et al. 2020) GBM, other key regulators of mesenchymal
transition have been recognized, including STAdE;lear factor kapphght chainenhancer
of activated B cell§NF-a B ) BCL 2L 2, (Kargy dt alVReo1b;Kbelt et al. 2015)
further highlighting the complexity and tumspecific modulation of the EMT program.

1.1.1.3.  SNAI family

Snail proteins are a family of ziatnger transcription factors, compromising of three
members, SNAI1Enail), SNAI2 (Slug), and SNAI3 (Smuc). AmongtheBmailb s r ol e i n
is the most studied in variouslevelopmental and pathological contexts, including
tumorigenesisand it is theprimary focusof this study

1.1.1.3.1.Snail TF

The Snail proteinhas a rapid turnover with a reported Hd# of approximately 25
minutes, and its levels are tightly regulated bo#imscriptionally, postranscriptionally, and
posttranslationally. Iteexpressions upregulated bgeverallFs such as ®ads, NFe B, -HI F
1 U, o r-asSkiatenl ongogene homolog 1.(6), among othes, following T GF b, WNT,
and other ligands binding to their receptors, or upon hypoxic condifBaisaei et al. 2021,
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Saitoh 2023; Youssef et al. 2024Joreover,Snail expression could be modulated at post
transcriptional levels, via miRNA&ano and Nieto 2016pr via chemical modifications of

bases in the RNA sequen@d. Sun et al. 2022)resulting in its degradation, instability, or
translation inhibition(Dong and Wu 2021)At the posttranslational levelglycogen synthase

kinase 3 beta@GSK-3 b functions as a negative regulator $hail stability and activity.

Activated GSK3 b p h o s pSnailatywlo ahosptsorylation motifs, the first targ&sail

for cytoplasmic translocation, while the second promotes its ubiquitination and proteasomal
degradatior{Dong and Wu 2021; Huang et al. 2022; Lu and Kang 2019; Zhou et al.. 2004)
contrast, upstream kinaseRK and AKT, activated by RTKs an:
section 1.2.2.2.1), phosphorylate GS8kb at Ser 9, | e a dLammogille et@l. i t s |
2014) This results irSnailstabilization, nuclear retention, and EMT induction.

Snailis upregulated in breast, lung, and GBM tumors, among other cancer ehtties
upregulation isassociated with EMT induction, elevated mesenchymal mdekeds and
increasednvasive and metastatic potent(ider et al. 2017; Jeschke et al. 2021; Saitoh 2023,

Smith et al. 2014)

1.1. 3Sraill. 1ttarget genes
Functionally, Snail as a master regulator, can both repress and activate gene

transcription (Fig. 1.6)It recognizes and binds to the multiple conservdab¥ motifs in the
promoter of CDH1 (Ecadherin), and recruits complexes such as the Polycomb repressive
complex 2 (PRC2), which coordinate CDH1 transcriptional silen(angre and Weinberg
2019; Lamouille et al. 2014; Villarejo et al. 2014 also represses other epithelial genes
including Claudins (CLDNSs), Occludin (OCLN), Cytokeratins, and Mucins, which are involved
in tight junction integrity and apicddasal polarity.(Babaei et al. 2021; Iwadate 2016;
Lamouille et al. 2014; Lu and Kang 201@ponversely, Snail directly activates other EMT TFs
such as SNAI2, TWIST, ZEB1/2, and PRRX1, as well as mesenchymal markers, such as
Vimentin (Lamouille et al. 2014; Saitoh 2023; Youssef et al. 2024pn also control its own
expressior(Peir6 et al. 2006)Moreover, it induces the expression of genes involved in ECM
remodeling, invasion, survival, and stemness, namely, MMPs, collagens, PI3K, and CD44,
respectively(Cano and Nieto 2016; Nieto 2002)

MMPs belong to a family of zindependent endopeptidases, which encompasses 23
members. The dysregulation of their activity has been heavily implicated in tumor progression
(CabratPacheco et al. 2020; Cox 2021; Khalinha et al. 2025; M. Li et al. 2023; Niland,
Riscanevo, and Eble 2021Yhey can exert both pitomorigenic and amtiumorigenic

functions. Among other functions, they promote EMT by cleavintaéherin, enhance cell
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invasion and infiltration by disintegrating the ECM components and the basement membrane
collagen, promote angiogenesis, and selectively release and thus render specific cytokines and
growth factors available, which reinforces and maintains EMT indu@@lebratPacheco et al.

2020; Cox 2021; Khali#iranha et al. 2025; M. Li et al. 2023; Niland et al. 202MPs are

also classified based on their substrate prefer@@abralPacheco et al. 2020; Khalilianha

et al. 2025; M. Li et al. 2023; Niland et al. 202Fpor instance, MMP7 belongs to the
Matrilysins, which digest variable ECM components, including Fibronectin, laminin, and
proteoglycans. MMP13 is a collagenase, which degrades-ttigal fibrillar collagen, while

MMP15 is part of Membrantype MMPs (MI'-MMPs), which have collagenolytic activity, but

also target different ECM componeii@abratPacheco et al. 2020)

Notably, MMP7 has been extensively associated with EMT induction, Snalil
upregulation, invasion, and metastasis, irrespective of the upstream stimuli or signaling
pathways involvedCheng 2022; Ma et al. 2018; Sizemore and Keri 2012; Z. Sun et al. 2022;
Y. Wu etal. 2019; Zhang et al. 201&$ knockdown via gene silencing markedly reduces EMT
features, migratory and invasive behavior, and metastatic potential in colorectal, prostate, lung
and breast cancer modd€Blaheta et al. 2025; Sizemore and Keri 2012; Zhang et al. 2014,
2017) Likewise, the upregulation of MMP13, which is one of the few MMPs primarily
expressed by tumor rather than stromal gélla-Aho et al. 2002)has been correlated with
EMT induction, and invasion across various cancer models, including osteoséritang et
al. 2020; Ren, Minami, and Nishita 201head and neck carcinon(ido et al. 2023)GBM
(Inoue et al. 201QY¥ibrosarcomdAla-Aho et al. 2002)lung cancefChang et al. 2021as well
as breast cancdAftab and Shakoori 2022)MMP13 expression has been shown to be
upregulated in glioma samples compared to normal counterparts. Its expression increases with
grade, and is associated with worse overall sun{Médng et al. 2012)Similar observations
are found in melanoma, where MMP13 expression is associated with metastasis and poor
survival (X. Zhao et al. 2015)MMP13 depletion suppresses the migration and invasion of
GBM stem cells(lnoue et al. 2010Q)and reduces migration and lung metastasis in thyroid
carcinoma cells, whereas its overexpression promotes invasion in various tumor (hdeiels
Wang et al. 2013; X. Zhao et al. 201%ew reports have shown that MMP15 is highly
expressed in primary and metastatic cervical cancer and hepatocellular carcinoma (HCC)
samples compared to normal tiss(ids-H. Wu et al. 2020; Zheng et al. 2018% knockdown
results in reduced proliferation and EMT, by suppressing Ki67, Vimenticadderin and
ZEBL1 levels, it also decreases migration and inva@dionet al. 2013; Zheng et al. 2019; Zuo

et al. 2020)Interestingly, MMP15 has been frequently reported to be regulated bynéong
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coding RNAs and miRNAs in cancglia et al. 2019; H. Li et al. 2019; Wang et al. 2020; Y.
Wu et al. 2019; Zuo et al. 2020)

Other interesting downstream targets of Snail are collagens. ECM remodeling is an
essential event during the initial steps of the metastatic cascade. It is not only characterized by
degradation of ECM components by MMPs, but alsdepositing, crosnking, and stiffening
of collagengFang et al. 2014 Pepositing of collagen destabilizes egdilarity and ceHto-cell
adhesion, accompanying EMT process, enabling cancer cells migration, whereas ECM
degradation enables cells invasion. Both reciprocal events are required for tumor progression
(Fang et al. 2014; Gonzalez and Medici 2014; Lo Buglio et al. 2024; Winkler et al. 2020)

COL3AL1 expression has been increased with glioma grade, as well as in esophageal
squamous cell carcinoma, cisplat@sistant NSCLC, and irradiated breast cancer. Indeed
COL3AL1 has been shown to be an independent poor prognostic factor for overall sarvival
these cancer model&ao et al. 2016, 2018; Lihuai Wang et al. 2022; Yao et al. 2022; Zhang,
Zhang, and Wang 2020; Zhou et al. 2028)addition, COL8AZ2 is overexpressed in GBM
samples compared to normal counterparts, and it has been associated with shorter overall
survival (Cheng et al. 2021Both COL3A1 and COL8A2 expressmhave been associated
with increased migration and invasion in multiple tumor mo@@heng et al. 2021; Choi, Kim,
and You 2025; Gao et al. 2018; Ren, Zhao, and Lai 2024; W. Wang et al. 2013; F. Yang et al.
2022; Yang et al. 2025; Yin et al. 2021; Zhou et al. 20B2)he contrary, the expression and
role of COL14AL1 in cancer is not well understood, and there is lack of relevant studies on the
prognostic effect of COL14A1. On one hand, it was found to be downregulated in renal cell
cancer(Morris et al. 201Q)breast cancgiJddin and Wang 2022and othergFu et al. 2023)

On the other hand, only one study shows that its upregulation promoted gastric cancer cell

proliferation(Jiang et al. 2022)
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Figure 1.6. Overview of Snail target genes.Snail induces EMT through the downregulation of
epithelial markers, proliferation and apoptosis genes, concomitant with upregulation of mesenchymal
markers, and genes involved in invasion, ECM remodeling, survival, and dedifferentiation. Adapted

from (Cano and Nieto 2016; Nieto 2008)reated by Biorender.com

1.1.1.3.2.Slug TF

SNAI2 (Slug), another member of tB&AIL family, also represses CDH1 by directly
binding to the Ebox sequence (CAGGTG/CACCTG) in the CDH1 prom@temouille et al.
2014; Saitoh 2023; Villarejo et al. 2014oweverwhile Snaili s of t en wupregul at
i n var i ous -inducen SlugexpressiFséems tddss typicalSaitoh 2023)Still,

Slug has been implicated in various tumors, associating with invasion, and me(hstaksite

2016) For example, Slugverexpression promotes GBM cells proliferation and invagion

vitro, and enhances angiogenesis and grawtfivo (Yang et al. 2010)

1.1.1.4. TWIST family

TWIST1 and TWIST2 are highly conserved transcription factors belonging to the

TWIST subfamily of the bHLH familyof TFs Their expressiors usually induced following

T GF b -canonical signaling activatiofSaitoh 2023) In addition, hypoxia or HIA U

overexpression can indu@&VIST transcription through direct bindingof HHEU t o HREs i

the proximal promoter regions ®WISTL1/2, thereby activatinthe EMT program(Iser et al.

2017; Saitoh 2023YWIST1/2 also repress CDH1 expression, in addition to directly activating
CDH2 (N-cadherin) gene, Fibronectin, and SNAI%vadate 2016; Saitoh 2023JWIST1

expression is positively correlated with breast carcinoma progression, where it enhances EMT,

invasiveness and disseminati@@aitoh 2023)Additionally, elevated WISTL1 levels are also

observed in gliomas, where it promotes PMT process, as well as invasion and parenchymal
infiltration (Iser et al. 2017; lwadate 201&urthermore HGF-mediated TWIST1 induces

25



EMT onset and acquired tyrosine kinase inhibitors resistance in N®&QWw@ar et al. 2024)
andTWIST1 has also been associated with poor prognosis in lung d@ergy et al. 2015)

1.1.1.5. ZEB family

ZEB1 and ZEB2 are zinc-finger Ebox-binding homeobox TFs. Thegre induced by
sever al external cues, including TGFb, WNT
regulated bySnailand Twist(Iser et al. 2017; Majc et al. 2020; Saitoh 20ZEHB1/2 exert
their repressive function by binding to the spaceabk consensus sequenceCANNTG-3'
on the CDH1 promotel(Debnath et al. 2022; Majc et al. 2020; Saitoh 20ZR)eir
transcriptional repression of CDH1 and other epithelial markers is mediated by the recruitment
of various cerepressor complexeistone deacetylases, and histone methyltransferases, which
collectively establish a repressive chromatin environment at epithelial gen@ici et al.
2020) They activategplenty of mesenchymal genes, such as Vimentin, and collagens, thereby
increasing motility and invasion of aggressive cagedls, such assBM cells(Iser et al. 2017;
Iwadate 2016)Ca n o ni c anbuced ZHBRA expressioalso promotesFibronectin and
COL5A1 expression, which further enhances GBM cell invadiblajc et al. 202Q)
Conversely, ZEB1 knockdown dramatically reduces GBM cells tumorigenicity and
invasivenesglwadate 2016) Moreover, &evatedZEBL/2 expression has been observed in
TNBC, often in parallel with ERKand N& B p at h wa \Saitole 2023y at i o n

1.2. Metabolic reprogramming

During the course of tumor progression, cancer cells tend to rewire their metabolism to
meet the increasing demands of cell growth and proliferation, and to withstand the adverse
conditions within the tumor microenvironment, such as nutrient deprivatiah,hgpoxia
(Brunner and Finley 2023; Drapela and Gomes 2021; Raoezélez et al. 2023; Xiang et al.
2024) Reprogramming of the key metabolic pathways such as glycolysis, the tricarboxylic acid
(TCA) cycle and glutaminolysis, is a hallmark of can@éng, Fang, and Tian 2025; Kodama
et al. 2020; Pavlova, Zhu, and Thompson 2022; T&gjlis et al. 2023)Glucose and glutamine,
which serve as the primary carbon and nitrogen sources, are heavily consumed by cancer cells.
Notably, increased glucose influsustains aerobic glycolysis, while glutamine addiction
replenishes TCA cycle intermediates, and fuel biosynthetic and bioenergetic patHanayet
al. 2013)

Importantly, such metabolic reprogramming not only support cellular proliferation and
growth, butmetastasizing cancer cells have been shown to further alter their metabolism
throughout the metastatic cascade in order to invade, adapt and survive during circulation, and
colonize secondary sitéBergers and Fendt 2021; Han et al. 2013; Jia et al. 2021; Jiang et al.
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2025; Péretsonzalez et al. 2023; Schwager et al. 20E2y instance, ®etastasignitiating
cancer cells often increase aerobic glycolysis, commonly known as the WarburdFedfetit
2024) concurrent with a downregulation of oxidative phosphorylation (OXPHO®S)pela
and Gomes 2021; Jiang et al. 2025; M. Li et al. 2019; Liaghat et al..208dover, highly
migratory, mesenchymdike breast cancer cells exhibit elevated glycolytic activity, in contrast
to their slower, more epithelidike counterparts, which rely more heavily on OXPHOS
(Schwager et al. 2022)

Accumulating evidence underscores a strong reciprocal crosstalk between metabolic
rewiring and EMT and invasiofBergers and Fendt 2021; Jiang et al. 2025; Pémzzélez et
al. 2023) On one hand, cells undergoing EMT acquire mesenchymal and motile traits that
demand metabolic flexibility, orchestrated by ENMillucing signals and transcription factors
to facilitate adaptation and survival. On the other hdreyond their canonical roles as
intermediates in energy metabolism, numerous metabolites have emerged as key active drivers
of EMT via nonmetabolic mechanisms, through acting as signaling molecules or cofactors for
enzymes implicated in the EMT procesha et al. 2021; Krieg et al. 20245yor instance,
pyruvate uptake by breast cancer cglls o mo he $ r met astatic col oni
through indirectly wupregulating the activity
ECM dep(kaiettal. 2009) hi ghl i ghting the crosstal k b
me t a s tTleseiirderconnections are dynamic and coneependent, shaped by
microenvironmental cues, transcriptional, pwanslational, and epigenetic programs. This
complexity presents a significant challenge but also a promising opportunity for development
of targeed combinatorial therapies that exploit metabolic vulnerabilities in metastasizing
cancer cellgHan et al. 2013; Jia et al. 2021)

1.21.The pleiotropK@ functions of U

UKetoglutarate{ {KG), also known as -Bxoglutarate (20G), is considered a rate
determining intermediate metabolite in the TCA cycle. It is generated and regulated in human
cells by various enzymes and distributed across cellular compartments by different transporters
asshowninFigl.7. Beyond its centr al-K@Gparlicpatesinawideer gy
spectrum of metabolic and signaling pathways. Its diverse, pleiotropic functions are highlighted
in Fig. 18.

1.2.1.1.  UKG production and metabolic function

UKG is generated through the oxidative decarboxylation of isocitrate, catalyzed by IDH
enzymes. This reacti on idependenvieH isoformg, ®Hliand t h e
IDH2, both function as homodimers, localized in the cytoplasm and the
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mitochondria/peroxisomes, respectivelgocitrate conversion in the TCA cycle by the
mi t ochonddem@mén dNeArDt | DH3 i soform, which consi
and functions as a heterooctagrasoproduced}KG (Abla et al. 2020; Chen et al. 2022; Sun
et al. 2020)whichundergoes irreversible oxidative decarboxylation to sucglhglA and CO
by-KG dehydr &K@QH) aso &nownlis-Bxoglutarate dehydrogenase@®DH)
(Wu et al. 2016)
UKG is not exclusively produced within the TCA cycle, in fact, its intracellular levels
and homeostasis are dynamically regulated by several interconnected metabolic pdthevays.
UKG pool is also regulated by glutaminolysis (Fig), in which glutamine is first deaminated
by glutaminase (GLS) to yield gl utkemedt e, w t
ammonia by glutamate dehydrogenase 1 and 2 (GLUD1/2, also known as GD&h#2t al.
2020; Legendre et al. 202®zeZdziefddithdalyy ) t ur
gl utamine can b-ketoglutaemategGM)) aninterhediate ketdacid, which
is further -amddastygze-KGangammondghbia etlal. 2020; Guo et
al. 2022) Moreover, glutamate pyruvate transaminases (GPT1/2) and glutamate oxaloacetate
transaminases (-&®inh hddifion to gyuvater oa bxaloadgdtate following
reversible transamination reactions of glutamate, respecivélyo | a et al . 2020;
al. 2017) Gl ut amat e coul d -K&lbysboancheetham aminoteanstermses i nt o
(BCAT1/2), which catalyze reversible transamination of brandteinUketo acids (BCKAS)
to brancheethain amino acids (BCAAs), although the reverse reaction is more predominant in
cells (Islam et al. 2010)Furthermore, the phosphoserine aminotransferase (PSAT1), a key
enzyme in the serine biosynt-K&mmeostaicadvdisway , (
through catalyzing the conversion ofpBosphohydroxypyruvate and glutamate into 3
phosphoserine an -KG (Li, Copeland, and Le 2021; Shu, Liu, and Wang 20@8)tamine
d e r i 6 dhenUeeds into the TCA cycle to sustain energy production, or to produce
biosynthetic molecules through anaplerotic reactions (Ffy.(Abla et al. 2020; Conza, Tsal,
and Ho 2019) Onc e g+@ ean hettrardportet) between cellular compartments, to
me et di verse metabol i &G tdaeemsesntltksouter mitochgndrialt i c u |
membrane through passive diffusion via voltaigpendent anion channels (VDAC), and
crosses ta inner mitochondrial membrane through the oxoglutarate carrier (OGC), also known
a s-K@J/ malate antiportef Abl a et al . 2020; Zdzisi GEGska et
Due to the existence of wvar i-KWQsgnthessandbol i c
consumption, it places this unique metabolite in the center of diverse metabolic processes (Fig
17 . As a key TCA -KG maysea fundamental modedni callular energy
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metabolism by generating NADH and FARHboth of which are essential electron donors for
the mitochondrial electron transport chain, ultimately driving OXPHOS, and adenosine
triphosphate (ATP) product i olKG seres gsoancdticali t s r
precursor for amino acid symbis (Fig 1.7), particularly for glutamate, which in turn is
converted into glutamine, proline, and argin{Adla et al. 2020; Legendre et al. 2020Q)is
worthy to highlight that glutamine is an essential energy source for most proliferating cells,
compromising over 60% of the total «&&asno aci
a precursor of glutamine and amino acfidu et al. 2016) Glutamine is indispensable for
aggressive glioma tumors, particularly under hypoxic conditions where cells mainly rely on
aerobic glycolysis, as well as glutamine metabolism, to ensure their survival and proliferation
(Oizel et al. 2017) | n a &K@ icantiibates,significantly to lipid metabolism (Fity7)
whenglucose catabolism isnpaired,and pyruvate import into the mitochondria is impeded.
Under such metabolic stress, glutamme o d u eK&dis ddnverted via reductive
carboxylation into acetyCoA, a key substrate for fatty acid and lipid biosynthésiga et al.
2020) This ability to fuel both reductive and oxidative pathways of the TCA cycle highlights
t he pi v o tK& insuppoiting thédidenetdeticand biosynthetineeds of proliferating
cells(Abla et al. 202Q)

A byproduct of aerobic cellular respiration and OXPHOS is the accumutdtieactive
oxygenspecies (ROSandreactivenitrogen species (RNSkhich, when uncontrolled, induce
oxidative stress that can be detrimental for the cells. To mitigate oxidative stress, cells employ
severalanto x i dati ve defense strategies and-there
KG as an antioxidant molecule Owi ng t o i tK& dilealy scavengeg reactivep |, U
species such as hydrogen peroxide and superoxide by undergohemzyonatic oxidative
decarboxylation, yielding succinate, carbon dioxide, and wWAtaea et al. 2020; Legendre et
al.2020) I n a&Kdi tnieanr ali zes cyani de -ketagkitaratd t y t h
cyanohydrin, a | ess t oX&enhancedthreemendtic actividy.of Fur t
antioxidant enzymes though the precise molecular pathways remain unddagaties{Abla
et al. 2020; Legendre et al. 2020;.HdveverLi u, H
several reports He&vcaldindrecty prenoe ROS acduraulatiotin
cancer cells, likely through its incorporation into the TCA cycle and the subsequent OXPHOS
and electron transport chain. In particular, electron leakagengtlexes | and Il contributes
to excessive ROS generati¢@hoi et al. 2025; Murphy 2009; Tretter and Ad#iai 2004;
Wu et al. 2023; Zhao et al. 2019)
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Figure1.7.0ver vi ew of the enzymes -KGhomeostasisbh-EGcelluldare r s
levels are regulated either by cytoplasmic or mitochondrial enzymes, via glutaminolysis, or TCA cycle,
which either produce or consurtKG. This metabolic control is required for ATP production, fatty
acids and amino acids synthesis, and ROS regulafik® levels are also controlled subcellularly via
transporters that shuttle it between the mitochondria and the cyfasgted from(Abla et al. 2020;
BogurciSei del 2018; ZdCreasedwib BiaRender.com| . 2017)

1.212. Cosubstrate &KGmdapendeatnioxfgenased)

I n addition to i K6 semestasmaesubstrate fof aisuperfamity n s |,

of enzyme sketogiuamatal epe nd e nt diKGDDg)gasmraferredsto ag U
2-oxoglutaratedependent dioxygenases@GDDs). This protein family comprises over 60
members, all of which catalyze similar hydroxylation reactions, yet regulate a wide range of

biological functions ¥ acting on a broad spectrum of substrates including histones, DNA,

go

RNA, proteins, and lipidgLosman et al. 20200 Thr ough t hes«&«GDD$ ver se

regulate the fate of normal and cancer cells. These enzymes require oxygen, feftpirsiiEe
and ascorbate (Vit-&@ifon cat@lytic activity, gakitionihgi treem ast o
cellular sensors for changes in oxygen levels, metabolic homeostasis, ?anedbe status
(Salminen, Kauppinen, and Kaarniranta 2018hile sharing common esubstrates, different
UKGDDs exhibit varying affinities for each substrate, offering a regulatory mechanism for
contr ol | i nkiSDBsbdsasd®n tise avaifability of-cubstrategosman et al. 2020)

U

The catalytic domai n a-K@DD#aredhigblyopiservied acmoss a c t i

substrategLosman et al. 2020Although ascorbate is not a direct participant in the catalytic

reaction, it is essential for reducing oxidized*femd Fé*back to F&" following the release of
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the hydroxyl ated substr at eKGDDRsiiKdiper amd Yissarsi ng t
2014; SmithDiaz et al. 2025)The hydroxylated product can then undergo further- non
enzymatic modifications such as demethylatidaiper and Vissers 2014; Losman et al. 2020;
Zdzisi Gska et al. 2017)

There is mount IKGDDs are hedvayninspkcated navarious) cancer
hall marks. I n this context, +«K@GandEMIcinasion, s t o
and metastasi s ;KOGDiDs .t hTeh ea odtyi4iGRDJundtionfin cabhoer of U
could arise through genetic alterations, including mutations, amplifications, or deletions of their
encoding genes. Their activit y-K&pooducidgoa!| so b
consuming enzymes, or by fluctuations in cofactorlafedity. In particular] o-e$ unct i on
mut ations in genes encoding succinate dehyd:i
|l ead to excessive buildup of succinate and
| DH1/ 2, which frequentl y oadreinsder oign i dimfafsy s ea nal:
conVvUKrGt i nt o t he o2ZhcyodneotxaybgoldH Gagr.abd ey p(oDx i a c ar
i nduce the -phyyduexy ohiHtGdr, &dtpe i (mar i | (htlekoterr o u g h
et al. 2015; Struys 2013) These aberrantly accubkKGBDed or
activity by UK&mpbeé tiliitlakgray atialt 2015; Kuiper and Vissers 2014;
Losman et al. 2020; Salminen et al. 2015; Struys 2013F ur t h e ri Mm@ B-EGDDKR O S
activity, partly by oxidizing Fe] (Kuipeoand e | :
Vissers 2014; Salminen et al. 2015, 2015)

Not ab | KGDDs fansly cdmprises several evolutionary conserved subfamilies,
which are classified based on sequence similarity and/or function. Here, they are grouped based
on the cellular pathways they regulate, including hypoxic response, epigenetic modifications
on vaious levels, and collagen synthesis (Fig) ( Zd z i s i Es k.aBy iefluenang . 201
t hese pr-KGDPs sewes as criflcal links between cellular metabolism and the
transcriptional, epigenetic, and structural adaptations that underlie tumor progression and

dissemination.
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Figure 1.8.Ov er vi ekwG opfl el ot ropi c act i viKGODsmeactensdnda s c he
subfamilies. U-KG is involved in fatty acid and amino acid synthesis, oxidative stress suppression and
induction, inhibition of ATP synthase, as well as the activatidikGDDS. The reaction di-KGDDs

is presented along with the three subfamilies, classified based on their cellular furigéised.on

(Baksh and Finley 2021; Losman et al. 20Z)eated with BioRender.com

1.2.1.2.1.The c on n ekKGto hypoxicaesponse

As described in Section 1.1.2.2., the HIF
met astasi st hé mpHdDt s n-K@DPsilals § funddmerithl role in sensing
and responding to oxygen deficiendyhr ee genes encodi ng3hoe PHD
al so keggygnlayging (HGL MICtgere nC anfee koergtahhogel ogue s
However, it i's I mportant to highlight t hat
nomencl at (Huamgetal.80l® MBHD2 i s eEnCcLolemde b ywh ihlee P
b yE GL NRPHDs are considered as oxygen sensors, as they have low affinity for oxygen,
meaning that slight changes in oxygen levels, dramatically affect PHDs aitvéiynan et al.
2020) Their inhibition prevents HIE) hydr oxyl ati on and subseque
HIFF-U stabilization, nucl ear tltbgnsdmd at i ans crd
activation of target genes (Fig. 1L.@bla et al. 2020; Gaete et al. 2021; Huang et al. 2017,
Losman et al. 2020; Yu et al. 2021; Zdzisi &Es
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Al thelub are the primary s-ubdepanesnoff PH
of PHDs have been identified. For instance,
established thiEB i $i grmalllidn gh apnpteh-aBa ys. i ghiyap @ rnag
promotes tumor invasi on {Pouyanatali2026)s| humbe si na
stathdekaB subunit sarpeGuaentdep®d i n t heaBcoBthopl as
proteins:Ustp onu | B#BF &n ,natstee (Il KK) coaBplpexteh msy
on specific sertimeernr esbdgeisti matr ko mgatnlde degr
NFeB subunits to freely translocate to the nu
involved in inflammati on, i mmune respbonses,
harbors a comsmeatviefd, LWhXiLcAh resembl es tlhe pro
suggesting t hat PHD1 coul d i nhi bit t he Kir
hydroxyl abatonprdl!| il k&k 191, although this r eme
(Cockman et al. 2019; Cummins et al. 2006; Oliver, Taylor, and Cummins 2009; Scholz and
Taylor 2013)

AnotBkGDDs enzyme i-Oveguledtiion HilF flactor

(FI H1) , an asparaginyl hydroxyl ase. ®| H1 hy
preventing its inter aecatcitonv awiotrrs tCHBd& tarnadn spc3rOi
suppr essmendgi aHlerFd t(Losmansetat. ROAO) ilotn i s worth notin
an intermediate affinity to oxygen, all owin
conditions, which are detri ment al for PHD act

oxXxygen dé@esmanetalt 2020n

Previous work from our I|IVWboGREMuogYy mmaldt f o«
cancer cells and investigated the i mpact of
hypoxi c i ncfsbtaitnuolna i@rBdguerbeideg2018) |t was demons
that | DH1 depletion in USTWGBde GCBMEKGeELEReEBsgnNIT

assess the functional consequences of | DH1 |
i n wilvmtracrani al inj-ectepnoedf GEd9nhumédnaGBMI
t hat | DHprdoenpbloetailorr umor i nvasiveness and sut
Moreover, orthotopiceftiraine/ptk aMDAt east otahoded
the mammary fat pad of 1 mmunocompromised mic
but signnéieasmedyl ung metastatic nodul es, C (

| DH1 knockdown significantl ynewhaMmeodcdnGBMI c
| DH1 rlecsqusht sl evat edUanedv-@issldfowdlnFg hypoxic ex
GBM, l ung, and breast Soairlod re i aesdtlag wleilgd eys . i nSdi u
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upon | DH1 knodktbomnol athdo MUK rstueprpd seanmeime hayt ai t oens
Hi-BFJand -2l evel s and activity,-Unrsoteeriind elnewal D,
as the expression of their downstr@Kal itmmr ge
modul ating hypowpioct artpypnssHldBH D raedgeud Bantdee n t

manner, as | DHHuk elbcxkdd @veasbiroongat ed upon overe
undegradabl e multyehntc hf ocram rdfe sHlprFei PHDmMby dt b & g ¢
sites®y,mPPrNeventing itsGihwealm otxlydtatPldDs -bya P HD
3B signalingBpathwayty NWwWas investigated upon
B activity wassielndhmmedk dcdlinl 4 ,DHads demonstr at e
the p65 (Rel A) subesbst pn-aBo fit aMfernt e agseende se x plrn
knockdowh/UbfutHInNEt of the su@P riscostshegsirtot ep ar taina
MRNA | evels. TheskalKiGndiemgyd xaislpggessi ed @t | e:
via thel FPHXIi s, while also implicating the i
this regulatory network.

Tumor growth T Metastasis T

N/

| IDH1 "
a-KG levels <«—  knockdown —* Invasion

GCOUMEGEDY

5./

Figure 1.9. The impact of IDH1 knockdown on EMT, invasion, tumor growth, and metastasis
IDH1 depletionreducesD-KG levels, ancenhancesumor growth and metastasis, as well as EMT and
cellular invasion. IDH1 knockdown induc&nail expression partially through PHBIF but not NF

9B si gnal (Baggrcupeadel 2048 Greated with BioRender.com
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1.2.1.22T he r o{K@ m epméneti modifications
Histone DNA and RNA modifications are critical determinants of gene expression and
cancer progression. The addition or removal of chengicalps orhistone residues, such as
methylation, phosphorylation, acetylation, ubiquitination, and succinylation, is a dynamic
processthat modulates chromatin structure and DNA accessibility, thereby influencing
transcription and replication. Importantly, this process is mediated by enzymes whose activity
depends on cellular levels of metabolic intermediates as cofacto

Mai ntenance of hi stone | ysine methylati o
hi stone methyltransferases and | ysine demet
identified and are classified into twoef gmtl
subfamilies according to their sequence hom

substrat d Exkescihfl iagietry Vi cha, and Frolikova =
al.2017) I mport a8tfgmi KPpM@hembers that contain a
UKGDDs. They can-driamdeverymomga oups from | ysine
KDM1 family members are f ldewiem deeden ieametd y@densu ca
to demet hyamadmahitigh yrloantoed | ysi nes.
Pert urod atDiNOAn met hyl ation is a key feature

exhibit gl obal DNA hypomethyl ation, which <co

instability, alongside focal hyper met hyl at i
t umo suppr e ¢Bsap et alg2®2leGasalino and Verde 20200 DNA met hyl at
typically occurs at cytosine residues withi

(Casalino and Verde 2020; Zacap&lédmez etal. 2024) The addi ti on of a me
5position of cytosine (5mC) is UKssepieadednt w
TeBl even Translocation (TET) enzymes oxidize
to-hypydroxymet hyl cymnadsifruet i ®h m@locybaosi n-e (5f ¢
car boxyl cy t(Bray etrale 2031 5Zacagapomez et al. 2024) 5f C and 5cacC
excised DWAtQgyYymcosesyl asegd(f DiDIgez ebsavind cthet ween t
deoxyribose ring generating abasic sites. Th
via tiExcBas e®n Repai(ZacagalBIdRer et pl.a202d)w a y

Epigenetic regul atitomnaslcygo pdytediradd htda rtbhse

(mM6A) is the most abundant internal MRNA mod
transl ati on, dQudet ah 2@22; Zaccara, eRxep, amdt Jaffrey 2019)T hi s
modi fication is dynamically regul ated by met
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remov e Ghbgpendent demet hyl| ases asssuwcch aa  df gtr
(FTO) and al kB homolog 5 (ALKBH5).

Sevetaldi s have indicated thatUKGhb®sermnpees
deregul ated in various cancer t.Yheyg,ekhcbudi
rol es, as they can function as either suppr e
bi nding partners, as well as (Brhyestal 202laHug et ge
etal. 2021; Lietal. 2022; Qu et al. 2022; Yangetal. 2021) mport ant |l y, t hey h
i mplicated in EMT regulati on, i nvasi on, and
metabolic reprogrammi ng (Bcag et al.d2024;tEakhbaatat et aho r p 1
2013; Jeschke et al. 2021; Li et al. 2022)

1.2.1.23T he f un cKGimocallagerfsynthesis
Coll agen forms the ECM together with ot h:¢

l aminins and elastins. It is the mo®ilkesabunda
Semenza, and Wirtz 2014; Huang et al. 2021)ECM r emodel i ng, parti
coll agen deposition, has been implicated in
I nv a@ikesret al. 2014; Huang et al. 2021) Col | agen synthesi s an

initiated in the endoplasmic r &KGteapdanmdenBR)

col |l agenhyprrolxyll a4 ess( 4 piIA)A, swhiumh t associ at e
subunit P4HB to form a functional tetramer <c
tetramers catalyze hydroxyl ati ofr-@Gfy pmoaliifneo

each col |,ahgre X remdasanta ang amino aCithisp r o d &ltyedr oxypr ol i n

modi ficati dmrcrcwdeilagen triple helix format:.i
i ncompliertreefgaudl dhirng of the triple helices, | e
degr adatnicoorr fr efcd é ¢ p (Gokesoet &l.a2@1d;Wu et al. 2018}K G

availability is critical for P4HA activity,
has been shown to promote ECM deposition, tu

mo d €Hliaset al. 2019)

Addi tkoGmDs iinvolved in collagen-lggnmnkeesi
20Xy gl utdaroxtyegeh as®)s, (WHIiODOHL hydroxyl at e l 'y si
residues. These enzymes possess gl ucoisggHh tran
medi ate the glycosylation of the coll agen f
f or mgSalmioem et al. 2015)
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1.2.1.3. U-KG -mediated inhibition of the ATP synthasemTOR pathway

A study by Chin et al ., (2014) i dentifiec
bi ndi ng pkGr This ®indingirhibits ATP synthase activity, resulting in marked
reduction in ATP levels, ATP/ADP ratio, as well as oxygen consumption. Theraytfoposed
t h aKG-médiated inhibition of ATP synthase suppresses mechanistic target of rapamycin
(mTOR), also known as mammalian target of rapamycin, a cellular energy and nutrient sensor.
Consi st ent -KGvireatmenttrdsilts in rediiced TORtiwty, as evidenced by
decreased phosphorylation of its downstream targets, P70S6K and @EBR&t al. 2014; Fu
et al. 2015) Similarly, oligomycin treatment, or ATP5B knockdown decre#sgP levels and
TOR activity (Chin et al. 2014; Fu et al. 2015TP synthase is an evolutionary conserved
enzyme, as further discussed in section 112.2 s u g g e sKGiinhilgjtiort ofitais enziyme
is likely a universal mechanism. Similarly, perturbation§HKG levels, via accumulation of
the oncometabolitB-2-HG, similarly inhibited ATP synthase, lowered ATP levels, and mTOR
activity, and reduced cell viabiliffFu et al. 2015)

These findings highl i ghKG,textemding begonditsr opi c
classical role in intermediary metabolism and cellular signaling, by exerting a counterintuitive
inhibitory effect on the ATP synthaseTORCL1 signaling axis. These observasided us to
i nvest i-KGamag regul&teSnail expression, the EMT phenotype, and invasiveness,
through modulating this pathway.

1.2.2. The ATP synthasemTOR signaling pathway

1.2.2.1.  ATP synthase

ATP synthase, also known as F1&UPase or complex V of the mitochondrial electron
transport chain (ETC), is the enzyme complex catalyzing the last step of OXPHOS under
aerobic respiration, by generating ATP. It also possesses ATP hydrolytic adthaspv et al.
2022) As ATP serves as the universal cellular energy currency, this rotatory enzyme embedded
in the inner mitochondrial membrane (IMM) is consideredfirezyme of lifé (Nesci et al.
2019; Vlasov et al. 2022Ppuring OXPHOS, higtenergy electron carriers generated during
glycolysis and the citric acid cycle, donate electrons to the ETC compléRés TThroughthe
series of redox reactionge releasedcenergy creates a proton gradient by pumping hydrogen
ions (H") from the mitochondrial matrix to the intermembrane spBlois producean electrical
potentialdifference with a positive charge due to protons in the IMM, and a negative charge in
the matrix. In the final step of OXPHOS, ATP synthase harnessegyefiem the proton
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gradient to generate ATP from ADP and inorganic phosphate (P) by rotational motor system
(Nesci et al. 2019)

Due to its vital role, ATP synthase is ubiquitously expressed and evolutionarily
conservedwith some variations in subunit composition and assembly across species. The
recently resolved human homolog comprises two main domains, the merebraadded
hydrophobic FO domain, and the matfacing hydrophilic F1 domairfFig. 1.10). The FO
domain is composed of several subunits; a bdikelc8-rotor ring, ATP6 or a, ATP8 or A6L,
subunits e, f, g, diabet@ssociated protein in insutsensitive tissue (DAPITand 6.8kDa
proteolipid (6.8PL), which collectively facilitate proton translocation across the IMM. The F1
domai n ¢ o nsubusits angaverns ATP ByAthesis. These two domains are connected
by central stalk made of singlduwingiprotentransiocation, and |
and a stationary peripheral stalk, composed of F6, b, d, and oligomycin sensdivigyring
protein (OSCP)Lai et al. 2023; Vlasov et al. 202Flowing of protons through FO along the
electrochemical potential gradient drives the rotation of the c8 ring, along with the central stock,
which acts as a rotor shaft inside of the F1 domain, triggering its rotation and conformational
changes catalyzqnATP synthesifLai et al. 2023; Saita et al. 2015; Vlasov et al. 20R2}pite
the name OSCRhis proteinis not targeted by oligomycitHowever as part of the peripheral
stalk that connects both domains of ATP synthase, it mediates oligomycin inhibitory effect to
the whole enzyme. In factjJigomycin binds to and inhibitthe c8 ring as well ashe ATP6
subunitof the FO domain, preventing the flow of protons, wheld&G binds to the beta
subunit of F1, reducing ATP production (FiglQ). (Antoniel et al. 2014; Chin et al. 2014;
Hearne et al. 2020; Symersky et al. 201&prestingly, ATP synthase exists predominantly as

a dimer in mammalian mitochondria, which enhances its functiorfaliyet al. 2023)
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Figure 1.10. Overview of ATP synthasestructure a n d-KG&hnd oligomycin targetsites. OXPHOS

and ETC flow are shown on the left, whereas the structure and the components of human ATP synthase
domains F1 and FO a-K@ binsshtotherbeteosuburit ofeF1 domajnh while U
oligomycinto thec8 ring andhe ATP6 subunitof the FO domainCreated with BioRender.com

1.2.2.2. mTOR

MTOR is an evolutionarily conserved serine/threonine kinase belonging to the
phosphoinositide -Binase related kinase (PIKK) family. It acts as a master regulator of cell
growth, metabolism, proliferation, and survival. By integrating both intracellular an
extracellular signals, mMTOR promotes anabolic processes, including protein, nucleotide, and
lipid synthesis, as well as ribosome biogenesis, while suppressing catabolic reactions such as
autophagy. Given its pivotal role in maintaining cellular homestiés dysregulation has been
linked to a wide range of diseases, namely, cancer, diabetes, andLagilagnte and Sabatini
2013) mTOR is the catalytic core of two structurally and functionally distinct rpudtiein
complexes(Fig. 1.11), named mTOR complex 1 (MTORC1), and mTOR complex 2
(mMTORC2). mTORCL1 consists of mTOR, regulatapsociated protein of mMTOR (RAPTOR),
mammalian lethal with set3 protein 8 (mLST8), prolinrach AKT substrate 40 kDa
(PRAS40), and DE#omaircontaining mDR-interacting protein (DEPTOR]JLiu and
Sabatini 2020; Panwar et al. 202BRAPTOR is indispensable for mTORCL1 function, such that
its dissociation from mTOR effectively suppresses mTORC1 activity. Moreover, it is also
responsible for targeting mTOR to the surface of the lysosomes for proper funcflaniagd
Sabatini 2020; Panwar et al. 2023y contrast, mMTORC2 contains mTOR, rapamycin
insensitive companion of mMTOR (RICTOR), mammalian steetivated MAPKinteracting
protein 1 (mSIN1), protein observed with RictorlPROTOR1), as well as mLST8, and
DEPTOR, both of which are shared components between mTORC1 and mTORC2, acting as
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positive and negative regulators, respectivglyy and Sabatini 2020; Panwar et al. 2023;
Zoncu, Efeyan, and Sabatini 2011)

MTORCL1 is sensitive to rapamycin inhibition. Upon administration, rapamycin binds to
FK506-binding protein 12 (FKBP12) and, in turn, this complex recognizes and binds to the
FKBP12rapamycin binding (FRB) domain of mTOR, allosterically preventing subsitagss
and suppressing mTORC1 activity. mTORC?2 is insensitive to acute rapamycin treatment, as
RICTOR partially masks the FRB domain of mTOR, blocking FKBPamycin binding.
However its response to rapamycin is contart timedependent, as prolongedatment with
rapamycin can indeed inhibit mMTORC2 in a subset of tissues and cel{Moesmann, Park,
and Hall 2018) This is sought to be a result of indirect inhibition, likely by binding of FKBP
rapamycin complex to free mTOR and preventing complex forméBatiaglioni et al. 2022;
Zoncu et al. 2011)

mTORC2

Figure 1.11. Overview of mMTORC1 and mTORC2 structure. The shared subuniteiclude the
catalytic subunit mTOR, the positive regulator mLST8, and the negative regulator DEBp&ic
MTORCZXsubunitsareRAPTORand PRAS40, whereas RICTOR, mSIAMdPROTORL are specific
for mTORC2 Adapted from(Panwar et al. 2023 reated with BioRender.com

1.2.2.2.1.mTORC1 upstream regulators

The activation of mTORCL1 is orchestrated through a complex integration of growth
factor signals, nutrient availability, and cellular energy le(félg. 1.12). Growth factors, such
as insulin or insulidike growth factors (IGFs) activate RTKs, which initiate the RIBKT
signaling cascade. PI3K catalyzes the conversion of phosphatidylirdSHolsphosphate
(PIP2) into phosphatidylinosited,4,5triphosphate (PIP3)PIP3 recruits phosphoinositide
dependent kinase 1 (PDK1) to the plasma membrane, WK phosphorylates AKT.
Active AKT promotes mTORC1 by mainly phosphorylating and inactivating the tuberous

sclerosis complex (TSC), a protein complex compagdd®&C1l, TSC2 (also known as tuberin)
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and TBC1 domain family member 7 (TBC1D7). The TSC complex functions as a GTPase
activating protein (GAP) for Rheb GTPa3ée GTP-bound form of Rheb directly interacts
with mTORC1 and strongly induces its kinase activity. As a Rheb GAP, the TSC complex
impairs mTORC1 activity by converting Rheb into its inactive @Rnd state. Thyghe
PISK-AKT-TSC pathway activates mTORC1 by locking Rheb in its active-zduhd state,
through TSC inhibition. Interestingly, mTORC2 also phosphorylates AKT, which in turn
stimulates MTORCL1 function(Panwar et al. 2023; Saxton and Sabatini 2006Y)ORC1
activity is also modulated by other upstream signals. TheMXK pathway, through
ERKY2 and p90 ribosomal S6 kinase (RSK1) activation, downstream of RTKs, also targets
TSC2, phosphorylating it at distinct sites to those targeted by(R&@dlante and Sabatini 2013;
Mendoza, Er, and Blenis 2011)his similarly suppresses TSC2 GAP activity, enhancing
MTORCL1 activation. ERK and RSK additionally phosphorylate RAPTOR, enhancing
MTORC16s ability to phos phBPi gontabutiagtaoncegesicc r e a m
growth (Mendoza et al. 2011Amino acids, notably leucine, arginine and glutamine, as well
as glucose induce mTORC1 activation, via the Rél&ted GTFbinding proteins (RAGS).
Activated RAGs interact with RAPTOR, driving mTORCL1 translocation to the lysosome,
where the endogenous mTOR activat®heb residesand promotesnTORC1 activation
(Laplante and Sabatini 2013; Mendoza et al. 2011; Panwar et al. 2023)

MTORCL1 activity is also sensitive to changes in energy lekakgy stress, such as
limited glucose availabilityand reduced ATP production lead to an increased intracellular
AMP/ATP and ADP/ATP ratio. This energetic imbalance allosterically activates -AMP
activated protein kinase (AMPK), a central energy sensor and metabolic regulator. Activated
AMPK inhibits mTORC1 thragh multiple mechanisms. First it phosphorylates TSC2 at
Thr1271 and Ser1387, enhancing the GAP activity of the TSC complex, which praumotes
the conversion of Rheb to its inactive GDBBund state, thereby inhibiting mTORCL1 activity.
Second, AMPK directly phosphorylates RAPTOR on Ser722 and S¢B&tglioni et al.
2022) This phosphorylation disrupts the interaction between RAPTOR and mTOR, further
reducing mTORCL1 activityBattaglioni et al. 2022)interestingly, ATP itself has been shown
to act as a direct activator of mTOR, independent of AMPK and TSC2 signaling, by interacting
with the ATRbinding pocket in the catalytic site of mMTOR kinase domain. This has important
pharmacological implicationsas ATRcompetitive mTOR inhibitors have shown a greater
reduction in cell proliferation and migration in glioblastoma, compared to rapamycin treatment
(Amin et al. 2021)In addition, they showed potent selective inhibition of both mTORC1 and
MTORC2, as opposed to the allosteric inhibition of rapamycin, which exerts a partial and
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selective inhibition of MTORC1 and has minimal impact on mTORA2et al. 2022; Amin
et al. 2021)
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controls eMyc translation viaP70S6K and 4EBRIwhich regulate mRNA translation. mTORC1
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regulatesFoxK1l andFoxk2t hr ough t he i nhi b iFoxKlg2phosphoryl&iSrkaBd |, red
enabling their nuclear translocatidreated with BioRender.com

1.2.2.2.2.Major mTORC1 substrates

MTORC1 and mTORC2 exert their functions either through direct phosphorylation of
their targets, or indirectly through downstream signaling effectors. The best characterized
MTORCL1 substrates are ribosomal protein S6 kinase 1 (S6K1), also known as P#a56K, a
elF4E binding protein 1 (4EBP1) (Fit.12), both of which are important regulators of protein
translation. They are also widely used as readouts of mMTORC1 activity, due to the availability
of antibodies that specifically recognize the phosphorylatedSof these two proteins.

P70S6K is phosphorylated by mTORC1 at the Thr389 residue, leading to its subsequent
phosphorylation at Ser229 and activation by PDK1. Phosphorylation of both sites is required
for full S6K1 activation(Battaglioni et al. 2022)Once activated, P70S6K regulates many
cellular processes through phosphorylating diverse array of substrates. However, it mainly
promotes mRNA translation initiation and elongation, which is achieved through the action of
the eukaryotic translation ingtiion factor 4F (elF4F), a protein complex comprising of elF4E,
elF4A, and the scaffold protein elF4G. This complex recruits the small ribosomal subunit 40S
to mRNA to start caulependent translation initiatioR70S6K promotes the activity of elF4A,
anRNA helicase required for unwinding the sec
(UTRs) of many mRNAsThis is achieved vighosphorylatiordependent degradation of
programmed cell death 4 (PDCD4), an inhibitor of elF4A, as well as phosphorylation
dependent activation and recruitment of elF4B to elF4A, enhancing its helicase dctivity
and Sabatini 2020; Panwar et al. 2023; M. Yang et al. 2022; Zoncu et al. ROpadjtantly,
P70S6K also enhances translation initiation and ribosome biogenesis through direct
phosphorylation and activation of ribosomal protein S6 (rpS6), a structural component of the
40S ribosomal subunit, thereby promoting translation initiatiwh dbosome biogenes(d.

Yang et al. 2022)

The second major mTORC1 substrate, 4EBP1, also plays a pivotal role in translation.
When it is unphosphorylated, 4EBP1 binds to eukaryotic mRNAbaaging protein/
translation initiation factor 4E (elF4E), blocking the binding of elF4G, and preventing the
formation of translation initiation complex elF4F, thereby suppressing translation initiation. In
contrast, upon mTORC1 activation, 4EBP1 undergoes sequential phosphorylation, initially at
Thr37/Thr46, followed by Ser65/Thr70, which induces its dissaridtom elF4E. This allows
el FAE to associate with the scaff@®lYangetr ot ei n
al. 2022) Intriguingly, while the initial phosphorylation of 4EBP1 at Thr37/Thr46 can still

occur in the presence of FKBRpamycinbound mTOR, phosphorylation at Ser65/Thr70 is
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rapamycin sensitive. Structural studies suggest that 4EBP conformational changes following
the first phosphorylation step prevent access of Ser65/Thr70 to the catalytic site in rapamycin
inhibited mTORC1, which explains the incomplete inhibitory effeataplamycin on 4EBP1
function(Battaglioni et al. 2022)

1.2.2.2.3.0ther mTORC1 substrates

Given mTORC106s <critical role in coordina:
closely linked to tumor growth, proliferation, invasion, and metastasis, often through
upregulation of translation of specific mMRNAs encoding oncogenic TFs, invesaied
proteins, and EMT regulato(slossmann et al. 2018; Saxton and Sabatini 204mpng them
c-Myc andforkhead box K/2 (FoxK1/2) have been shown to directly regulate SNAI1 gene
expression, thereby controlling a mesenchymal phenotype and tumor prog(€ésaret al.
2017; Smith et al. 2009; H. Xu et al. 2018)

1.2.2TBe3MIGRAENAI 1 axi s

c-Myc (MYC) is a wellcharacterized protoncogene that is frequently activated in
different cancer types-klyc functions as a heterodimeric TF, as it binds to Max TF, through
its basieregion/helixloop-helix/leucinezipper (BR/HLH/LZ) motif (Chen, Liu, and Qing
2018) They regulate the expression of thousands of genes, by binding to the conskoxed E
DNA sequUEACECEG3(06506 | ocated in the t &hanettal. genes
2018; Dhanasekaran et al. 202&Myc activation contributes to many hallmarks of cancer,
including metabolism, and invasiveng$3hanasekaran et al. 2022}Myc is regulated at
genetic, epigenetic, pestanscriptional, and postanslational levels. Indeed, it has been
established that MYC mRNA translation is regulated by PASKI -mTORC1 pathway (Fig.
1.12) (Chen et al. 2018)Its levels are upregulated following insulin stimulatibiest,
Stoneley, and Willis 1998)whereas they are dramatically reduced with knockdown or
pharmacological inhibition of the PISKKT-mTORC1 pathway (Stengel et al. 2022)in
particular, the translation of MYC mRNA, as it contains complex secondary structures, requires
translation initiation complexes downstream of activated 4EBP1 and P{CBéN et al. 2018;
West et al. 1998; Yun et al. 2018)Myc is also regulated at pestanslational levels. Notably,
MTORC2 and its downstream activated AKT kinase preveviyc protein degradation by
inhibiting GSK-3 Bmediated eMyc-T58 phosphorylatioiStengel et al. 2022)

c-Myc has been reported to directly bind to consenshexelements in the promoter
of the SNAIL1 gene, as well as its TSS, as determined by-@fGR in breast cancer cells
(Smithetal. 2009) This binding occurs prior to TGFb
SNAIL activation upon Smads bindig@mith et al. 2009)highlighting the cooperative action
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of c-Myc and Smads. Consistent with thigyigc has been implicated in the regulation of Snail
expression, and subsequentcdtherin and vimentin upregulation, as well asaBherin
suppression, promoting migration and invasion, in various cancer @fpésn et al. 2017;

Runze Wang et al. 2022; Zhai et al. 201B)terestingly, eMyc can also regulate Snalil
expression and stability indirectly at pdsinslational level. Namely,-klyc activates the

ERK1/2 signaling pathway, which in turn phosphorylates &SK, a di rect negat
of Snail, preventing the bgequent phosphorylation and degradation of the Snail protein
(Huang et al. 2015)

1. 2. 2T1Re SMRPAFRXXUSNAI 1 axi s
Other recently identified mTORCL1 targets arefoeK TFs, through which mTORC1

regulats cellular metabolism and other key processes. FoxK1 and FoxK2 belong to a conserved
superfamily of transcription factors, comprising over 50 members, all characterized by forkhead

and wingeehelix DNA binding domains. FoxK1 and FoxK2 share the DNA bindHux
domain, which recognizes and biIGTAACA-BN], t Ardhi
the forkheaehssociated domain (FHA), which enables phospdyeendent protai protein
interactiongYu et al. 2022)

Notably, FoxK1 is an unusual target of mTORC1, as it has been demonstrated that
MTORCL1 suppresses FoxK1l phosphorylation rather than stimulatifideitet al. 2018;
Nakatsumi, Matsumoto, and Nakayama 20Mgchanistically, when mTORCL1 is inactive,
FoxK1 is phosphorylated by GSKb a't sever al serine sites,
phosphorylation facilitates 1&3 scaffold proteins recognition and binding, which masks its
nuclear localization signal (NLSjesulting in nuclear exclusion of FoxKle et al. 2018)In
addition, increased phosphorylation of FoxK1 impedes its filing affinity (He et al.
2018; Sakaguchi et al. 2019Jpon mTORCL1 activation, GSEb i s i nhi bi ted thr
phosphorylation(Zhang et al. 2006)FoxK1 phosphorylation is suppressed, enhancing its
nuclear translocation and its increased transcriptional activity (Fig. (HE2et al. 2018)
Importantly, FoxK1 translocation to the nucleus is dependent on the activation of AKT
MTORC1 rather than the ERMhWTORC1 pathway, following insulin, or growth factors
stimulation (Sakaguchi et al. 2019)n contrast, although FoxK2 is also phosphorylated by
GSK3b and dephosphoryl ated by mTORC1 at S415
nucleus, even in the absence of stimulation, and its precise regulation by mTORC1 remains less
well understood andrarrants further investigatigide et al. 2018; Sakaguchi et al. 2019)

FoxK deregulation has been associated with various tumor aspects, including, cell cycle

progression, proliferation, differentiation, apoptogSakaguchi et al. 2019)autophagy
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(Bowman, Ayer, and Dynlacht 2014; Chen et al. 20265)giogenesisand inflammation
(Nakatsumi et al. 2017pand metastasi®eng et al. 2016; Zhang et al. 201P9xK1 mainly

acts as an oncogene in numerous tumor types, and its expression correlates with increased tumor
size, stage, grade, and metast@aisncong et al. 2020; H. Xu et al. 201B}¥ overexpression
enhances glioblastoma cell invasion and migration by directly binding and upregulating the
expression of SNAIXH. Xu et al. 2018)In triple-negative breast cancer, FoxK1 promotes
lymphangiogenesis and lymph node metastasis. It also enhances invasive capacity and induces
EMT, shown by downregulation of the epithelial markecdelherin and upregulation of the
mesenchymal markers-t&dherin and VimentiZheng et al. 2020)Similar findings have

been reported in gastric cancer, where its overexpression results in EMT induction and
enhanced migration and invasifeng et al. 2016)

While FoxK1 generally promotes tumor progression, various reports suggest that
FoxK2 mainly functions as a tumor suppregdtestal de Moraes et al. 2019; Wang et al. 2018;
Zhaojun Wang et al. 2022; Yu et al. 202Bpr instance, FoxK2 expression is significantly
downregulated in high grade glioma, breast, lung, and gastric cancers. Its higher expression is
correlated with improved overall survi@hen et al. 2017; X. Liu et al. 2018; Shan et al. 2016;
Wang et al. 2018)Moreover,FoxK2 overexpression directly represses Snail anchtherin,
inhibiting EMT and invasiveness NSCLC(Chen et al. 2017)Additionally, FoxK2 depletion
enhances, while its overexpression inhibits glioma and gastric cancer cells proliferation, EMT
induction, invasion, and migratigiX. Liu et al. 2018; Wang et al. 201&jurthermore, FoxK2
knockdown significantly enhances primary and secondary tumor growth in an orthotopic breast
cancer mouse modébhan et al. 2016 Conversely, BxK2 is significantly overexpressed in
humancolorectal cancerRC) and HCC tissues, ang further upregulateéh metastatic
tissuescompared wittprimary tissuegDu et al. 2019)Its high expression is correlated with
worse prognosis, advanced stage, and tumor vascular inyBsiat al. 2019; MF. Lin et al.

2017) Notably, FoxK2 transcriptionally activates ZEB1, promoting EMT, and helpatp
metastasis in CRC. Likewise, FoxK2 induces cell migration, and invagiopregulatinghe
expression of Snaigndc-Myc (Kong et al. 2020; MF. Lin et al. 2017)

1.3. Aim of this study

Glioblastoma and brain metastases originating from lung and breast cancers represent
the most prevalent and aggressive forms of malignant brain tumors in adults. Despite advances
in multimodal treatmest encompassing surgical resection, chemotherapy, and radiotherapy,
these primary and secondary brain neoplasms remain incurable, often associated with poor
prognosis and limited survivgvan den Bent et al. 2023; Schaff and Mellinghoff 2023)
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Although brain metastases have shown evidence of responsiveness to targeted therapies and
immunotherapies in selected settindg, use of these treatment modalities for brain metastases
has not yet reached clinical approval, and is aftdrapolated from systemic disease approvals
(Schaff and Mellinghoff 2023; Suh et al. 202BMT and invasiveness are key characteristics
of these tumors argreatcontributosto the initial step of brain metastagisaghat et al. 2024;
Liang et al. 2025; Lu et al. 2025; Lu and Kang 2019; Margarido et al. 282%ell aso poor
GBM clinical outcome and therapy failueedele et al. 2019; Iser et al. 2017; Iwadate 2016;
SekerPolat et al. 2022; Xia 2025EMT is a dynamic and reversible process regulated by
diverse signalingpathwaysthat collectively dictate the molecular and phenotypic changes of
the tumor cells. Equally important, metabolic reprogramming, another hallmark of cancer, has
been implicated in both negatively and positively regulating EMT, and tumor invasiveness. In
paricular, we have previouslgemonstrated hat t he mo d u l-Ktlevelsrby of c e
IDH1 depletion enhanesecellular invasion, migration, and metastasis, in addition to
upregulation ofSnailexpression at both the transcript and protein lgB#girciSeidel 2018)
These observations have been primarily observed under hypoxic condition, as well as following
TGFb st i mul adstablismed EMToirtducersve | |

The research presented in this thesis aimed first to gain a deeper understanding of the
reciprocal crosstallof EMT and metabolism Fi r st , by dnediatellEMTig t he
induction and metabolic changes and secondl vy, by -KGximtm ni ng
regulation of Snail expression, EMT/PMT induction, and invasion in brain, breast, and lung
cancer modelsA key objective waslsoto identifySnailtr e gul at ed t ar g-ets th
KG exerts its effects. Moreover, we expanded our investigations on-tiegéndent EMT
modulation in various tumor modails vitro, and in lung cancen vivo. Another major goal
was to determine whether and how the ASjthasemTORC1 axiscould acta s &&- U
dependen$nailregulatory pathway throughMyc, FoxK1, orFoxK2, possibly in concemvith
the PHDHIF signaling axis. Finally, we aimed to evaluate the clinical relevance of IDH1 and
Snail expressiorievelsacross the three cancer types studied, thereby integrating mechanistic

insights with translational perspectives.
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2. Materials and methods

2.1. Materials

2.1.1. Chemicals

Solvents and standard chemicals were purchased from Siginieh, Carl Roth, Merck, or

AppliChem unless otherwise stated

2.1.2. Antibodies

2.1.2.1. Primary antibodies

Table 2.1. Primary antibodies (WB: Western blotting, IF ImmunofluorescenceChlP:
Chromatinimmunoprecipitatioh

Antigen Species Company Order number Dilution

Snail Rat Cell Signaling| 4719 WB: 1:250
(monoclonal) | Technology IF: 1:100

Snail (C15D3) Rabbit Cell Signaling 3879 WB: 1:500
(monoclonal) | Technology

Slug (C19G7) Rabbit Cell Signaling 9585 WAB: 1:1000
(monoclonal) | Technology

Vimentin Mouse WAB: 1:2000
(monoclonal) Pako MO72s IF: 1:500

E-cadherin Mouse BD WAB: 1:1000
(monoclonal) | Biosciences 610181 IF: 1.50

N-cadherin Mouse BD WAB: 1:1000
(monoclonal) | Biosciences 010920

IDH1 Goat Santa Cruz sc49996 WB: 1:1000
(Polyclonal) | Biotechnology

IDH1 Rat Dianova Dia-WO09 WB: 1:500
(monoclonal)

HIF-1 U Rabbit Cayman 10006421 WB: 1:5000
(Polyclonal) | Chemical

HIF-1 U Mouse Novus Bio NB100-105 ChiP:1:100
(monoclonal)

HIF-2 U Rabbit Novus Bio NB 100122 WB: 1:500
(Polyclonal)
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HIF-1 b Rabbit Novus Bio NB100-110 ChiP:1:100
(Polyclonal)
c-Myc Mouse Santa Cruz WB: 1:500
) sc42
(monoclonal) | Biotechnology
c-Myc Mouse ChiP:1:100
Abcam ab56
(monoclonal)
c-Myc Rabbit Cell Signaling 9402 ChiP:1:100
(Polyclonal) | Technology
c-Myc Mouse Santa Cruz ChiP:1:100
) sc40 X
(monoclonal) | Biotechnology
P70 S6 Kinase Rabbit Cell Signaling 9202 WAB: 1:1000
(polyclonal) | Technology
Phosphep70 S6 Rabbit Cell Signaling 9205 WB: 1:1000
Kinase (Thr389) (polyclonal) | Technology
4EBP1 (53H11) Rabbit Cell Signaling 9644 WB: 1:10000
(monoclonal) | Technology
P-4EBP1 (Th37/46)| Rabbit Cell Signaling - WB: 1:5000
(236B4) (monoclonal) | Technology
P-4EBP1 (Ser65) | Rabbit Cell Signaling 9451 WB: 1:5000
(Polyclonal) | Technology
AMPKU Rabbit Cell Signaling 2603 WB: 1:1000
(monoclonal) | Technology
P-AMP KU Rabbit Cell Signaling - WB: 1:1000
(monoclonal) | Technology
P-AMPK substrate | Rabbit Cell Signaling 759 WB: 1:1000
motif (monoclonal) | Technology
FoxK1 Rabbit WAB: 1:2000
Abcam ab18196
(polyclonal)
FoxK2 Goat WB: 1:2000
Abcam ab5298
(Polyclonal)
Rabbit Cell Signaling WB: 1:2000
AKT 9272
(polyclonal) | Technology
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PhospheAKT Rabbit Cell Signaling 9271 WB: 1:1000
(Serd73) (polyclonal) | Technology
Rabbit Santa Cruz WAB: 1:1000
ERK2 (c14) _ sc154
(polyclonal) | Biotechnology
Mouse Santa Cruz WB: 1:1000
pPERK1/2 (E4) ' sSG7383
(monoclonal) | Biotechnology
Phospheruberin / | Rabbit Cell Signaling c504 WB: 1:1000
TSC2 (Serl387) (Polyclonal) | Technology
PhospheRaptor Rabbit Cell Signaling 2083 WB: 1:1000
(Ser792) (Polyclonal) | Technology
Rabbit Cell Signaling WAB: 1:1000
Raptor 2280
(Monoclonal) | Technology
Histone 3 (D1H2) | Rabbit Cell Signaling 4499 WAB: 1:10000
XP (monoclonal) | Technology
Tri-methytHistone | Rabbit _ ) WB: 1:2000
Cell Signaling
H3 Lys27 (monoclonal) 9733 ChiP: 1:500
Technology
(C36B11)
Tri-methytHistone | Rabbit _ ) WB: 1:2000
Cell Signaling
H3 Lys36 (D5A7) | (monoclonal) 4909
Technology
XP
Tri-methytHistone | Rabbit Cell Signaling 9751 WAB: 1:2000
H3 Lys4 (C42D8) | (monoclonal) | Technology ChiP: 1:100
Histone3Lysine27a( Rabbit ChiP: 1:500
Abcam ab4729
(polyclonal)
UTubulin (DM1A) | Mouse Dianova DLN09992 WB: 1:10,000
(monoclonal)
UTubulin (DM1A) | Mouse Santa Cruz WB: 1:5000
. sG¢32293 HRP
(monoclonal) | Biotechnology
lgG Rabbit Cell Signaling 9729 ChiP: 1:500
(Polyclonal) | Technology

2.1.2.2.

Secondaryantibodies

Table 2.2. Secondary antibodiegWB: Western blotting, IF: Immunofluorescence)
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Antibody Company | Order number | Dilution

Goat antiRabbit IgG (H+L}HRPO Dianova 111-035144 WB: 1:5000
conjugated
Goat IgG antiMouse IgG+IigM (H+L) | Dianova 115035146 WB: 1:5000
HRPO conygated

F(ab")2 Rat IgG (H&L) Antibody Rockland 7121333 WB: 1:5000
Peroxidase Conopated PreAdsorbed

Goat anti rat 19G, Alexa Fluor 488 Invitrogen | A-11006 IF: 1:200
Goat anti mouse IgG, Alexa Fluor 488 Invitrogen | A-11029 IF: 1:200
Goat anti mouse IgG, Alexa Fluor 568 Invitrogen | A-11031 IF: 1:250

2.1.3. Protein and DNA ladders
2.1.3.1. Protein ladders
Spectra Milticolor High Range Protein Ladddrhermo Scientific#26616.
PageRiler Prestained Protein Ladd&hermo Scientific#26625.
2.1.3.2. DNA ladders
100 bp DNA Ladder, Invitrogem15628018
GeneRler1 kb PlusDNA Ladder,Thermo Scientific#SM1333
2.1.4. Antibiotics
All the stock solutions weSaestedt#8321826.004 f i [ t er e

Table 2.3. Antibiotics used for selection of bacterial cells

Antibiotic company | Catalog Stock solution Final
number concentration
Ampicillin Sigma A9518 100 mg/mL in 100 eg/ mL
Aldrich distilled water

Table 2.4. Antibiotics used for selection of mammalian cells

Antibiotic Company | Catalog | Stock Final Concentration
number | Solution Cells Concentration
Puromycin InvivoGen | Ant-pr-1 | 10 mgiL in | UB7TMG 500 ngmL
EuEﬁF;ES MDA-MB-231- | 500 ngmL
POR
MDA-MB-231 | 500 ng/mL
VIM -RFP
LLC1 6 €9/ mL
Hygromycin | Invitrogen | 10687 50 mg/mL in | US7TMG 10 eg/ n
B 010 PBS
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Blasticidin S | Invitrogen | R21001 6'm.g/mL in | MDA-MB-231- |6 € g/ mL
MDA-MB-231- |6 ¢ g/ mL
VIM -RFP
A549VIM-RFP |6 € g/ mL
Plasmocin InvivoGen| antmpt- | 25 mg/mL U87MG 12.5t0 37.5
1 pg/mL
Plasmocure | InvivoGen| antpc 100 mg/mL | MDA-MB-231- | 50 pg/mL
POR
Amphotericin| Sigma A2942 250 ug/mL | GBM cells in 500ng/mL
B Aldrich Tumorsphere
medium
Gentamicin | Gibco 15750 50 mg/mL GBM cells in 50 pg/mL
045 Tumorsphere
medium
2.1.5. Inhibitors
Table 2.5. Inhibitors used and their targets
Inhibitor Target | Company | Catalog Stock Final
number concentration working
concentration
(HM)
Rapamycin | mTOR |LC R-5000 10mM in DMSO |10
laboratories
u0126 MEK InvivoGen | tIrl-u0126 | 20mM in DMSO | 10
LY294002 PI3K InvivoGen | tIrl-ly29 20mM in DMSO | 20
SB431542 T GF | Tocris 1614 10mM in DMSO | 10
Oligomycin | ATP sigma 4876 2.5mMin DMSO |5
synthase
Dorsomorphin AKT Cayman 11967 5mM in DMSO 5
and Chemical
AMPK
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2.1.6. Primers

2.1.6.1.

gPCR) primers

Reverse transcription quantitative polymerase chain reactionKT -

Table 2.6. List of RT-gPCR primers used in this study(for: forward rev:reversé¢

Primer Sequence (5°3) Gene function/
group

IDH1 for AGAAGCATAATGTTGGCGTCA

IDH1 rev CGTATGGTGCCATTTGGTGATT

IDH2 for ACACGTGGCCTGGAGCACCG

IDH2 rev CACATTGCTGAGGCCGTGAATGC

IDH3A for ACTGGTGGTGTTCAGACAGT

IDH3A rev TGAATGGCAGTGACGTTCCG

GOT1for GTCCAGTACCACCAAAGTAGTTCTC

GOT1 rev GGCTCTAATCCCAGTCTCCAAA

GOT2for GTGGATGGTGGTGAGTGGAT

GOT2 rev TCTGAGAAACATTCAAATGCTGA -

GPTfor GTGCGGAGAGTGGAGTACG HumanU.KG

GPT rev GATGACCTCGGTGAAAGGCT producing

GLUD1 for AGGAAAGGGAATGACCTGCC Sreymes

GLUDL1 rev GCACATCAACCACTGCACAC

BCAT1 for CAACTATGGAGAATGGTCCTA

BCAT1 rev TGTCCAGTCGCTCTCTTCTCT

BCAT2 for GCTCAACATGGACCGGATG

BCAT2 rev CCGCACATAGAGGCTGGTG

PSAT1for TCCTCAAACTTCCTGTCCAAGC

PSAT1 rev CAGCAGGTCATCACGGACAATC

OGDHfor GGAATCAGCACTTCCTCTGC

OGDH rev ACGTAGTCCACGCCATTCTC

SNAI1 (SNAIL) for CTTCCAGCAGCCCTACGAC

SNAI1 (SNAIL) rev CGGTGGGGTTGAGGATCT HumanEMT

SNAI2 (SLUG) for CGGACCCACACATTACCTTG transcription

SNAI2 (SLUG) rev CAAATGCTCTGTTGCAGTGAG factors

ZEB1for CCTGAAGAGGACCAGAGG
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ZEBlrev

TATCACAATATGGACAGGTGAG

ZEB2for AACAAGCCAATCCCAGGAG
ZEB2rev ACCGTCATCCTCAGCAATATG
TWIST1 for CTACGCCTTCTCGGTCTGG
TWIST1rev CTCCTTCTCTGGAAACAATGAC
TWIST2 for AGCAAGATCCAGACGCTCAAG
TWIST2rev GGAGAAGGCGTAGCTGAGG

CDH1 (ECADHERIN)

for

ATTTTTCCCTCGACACCCGAT

CDH1 (CADHERIN) TCCCAGGCGTAGACCAAGA
rev HumanEMT
CDH2 (N-\CADHERIN) GGTGGAGGAGAAGAAGACCAG markers
for
CDH2 (N-\CADHERIN) GGCATCAGGCTCCACAGT
rev
FOXK1 for CTTCCAGGAGCCGCACTTCTA
FOXK1 rev AACTGGATCTTGATGGCCGTG
HumanSnail
FOXK2 for CGCCCCTGACCATCAACATT
upstream
FOXK2 rev CTTGTACCCTGAAGACCCCG
regulators
C-MYC for CTTGTTGCGGAAACGACGAG
C-MYC rev ACTCAGCCAAGGTTGTGAGG
MMP7 for TGTATGGGGAACTGCTGACA HumanSnail
downstream
targets
MMP7 rev GCGTTCATCCTCATCGAAGT
COL14A1for AGCATGGGACCGCAAGGC
COL14A1 rev GACGCGCCACTGATCTCACC
MMP15 for CAAGCCCATCAGTGTCTGG
MMP15 rev TGGTGCCCTTGTAGAAGTAGG
HPRT1for TATGGCGACCCGCAGCCC y
uman
HPRT1rev GCAAGACGTTCAGTCCTGTCCAT _
housekeeping
ACTB for AGAAAATCTGGCACCACACC
genes
ACTB rev AGAGGCGTACAGGGATAGCA
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m-idh1- for CCAGTCGCTGTTACCGTATGT Mo u s-KG U

m-idhl-rev TCCACCACAGAACCTCCTTG producing
enzyme

mSnait for CTGCTTCGAGCCATAGAACTAAAG

mShaitrev GAGGGGAACTATTGCATAGTCTGT

mSnai2 for CCTCCAAGAAGCCCAACTAC

mSnaz2-rev GGGTAAAGGAGAGTGGAGTG Mouse.El-\/IT

mZehl- for CTTACGGATTCACAGTGGAGAG transcription

mZebl-rev GTGAGCTATAGGAGCCAGAATG factos

mZek2- for CTCATTCTGGGTCCTACAGTTC

mZel2-rev GGGAAGAACCCGTCTTGATATT

mEcadfor TTGGTGTGGGTCAGGAAATC

mEcadrev GTGTCCCTCCAAATCCGATAC

mNcadFor AGTGGCAGGTAGCTGTAAAC Mouse EMT

mNcadrev TGGCAAGTTGTCTAGGGAATAC markers

mVimentin- for CCCTGAACCTGAGAGAAACTAAC

mVimentinrev CTCTGGTCTCAACCGTCTTAATC

m-Actb-for GGCTGTATTCCCCTCCATCG Mouse

m-Actb-rev CCAGTTGGTAACAATGCCATGT housekeeping

gene
2.1.6.2. ChIP-gPCR primers
Table 2.7. ChIP-gPCR primers list used in this study(for: forward, rev: reverse)

Primer Sequence (5°3)

SNAI1-33/+58for* GTACTTAAGGGAGTTGGCGG

SNAI1-33/+58rev* CCGATTCGCGCAGCAGTA

SNAI1+27/+122for* GGTTCTTCTGCGCTACTGCT

SNAIL+27/+122rev* ATTGGGGTCGGAGGGCTT

SNAI1 -556£496for CTCTGAGTGTTCTGTCCGGG

SNAI1 -556+496rev GCACCCGTTCCTTCCCTTAT

SNAI1 +120/+205or ATCGGAAGCCTAACTACAGCG

SNAI1 +120/+205ev GTCTCCCCCAAACCTCCTGG

* Selected from Choi et al. 2015



2.1.6.3. Cloning PCR primers

Table 2.8. PCR primers used to amplifyand clonepart of the human SNAI1 promoter
Green flanking sequence, blueestriction enzyme site, blacBNAI1 promoter sequence.

Primer Sequence (5°3")
Snail Pro#2 for ACGCGTAATCCTTCGGTGGCTCC
SnailPro#2 rev CTCGAGGCAGAAGAACCACTCGCTA

2.1.7. Plasmids
The IDs of the laboratory's plasmid library are given in parentheses after the plasmid
names.
pCl-VSVG (A0097): Lentiviral packaging plasmi@"® generation) expresseshe envelope
vesiallar stomatitis virus glycoprotein Bddgene#1733,Garry Nolad s ).1 a b
psPAX2(A0098) Lentiviral packaging plasmi(2nd generation) coding the Gag and Pol genes
(Addgene#12260Didier Tron@d s ).l a b
pGIPZ non silencing control (AO055). Lentiviral expression vector (nesargetinghairpin),
the nonsilencing shRNA is a negative control for any transduction experiment performed using
GIPZ shRNA constructi®r human and mouse cell lines. Sequence should not match any known
mammalian genes, however sequence is not ava{@plen biosystem#RHS4346)
pGIPZ-shIDH1 (A0365) Short hairpin RNA against human IDH1 in pGIPZ lentiviral vector,
(Open biosystem#V3LHS 320103)
Mature antisens&8 GTTATCAAGCTTTGCTCT
pGIPZ-shidhl # (A0919) Short hairpin RNA against mouséhl (sequencd) in pGIPZ
lentiviral vector, Open biosystem#V2LMM_ 216812, targeting open reading frame (ORF)
Mature antisens@ TCTTTATAGCCTCTGCAG
pGIPZ-shidhl #2(A0920) Short hairpin RNA againsnhouse dihl (sequence) in pGIPZ
lentiviral vector, Open biosystemsfV3LMM_522512 , t ar-greti ags I3&t e d

UTR). (used in preliminary knockdown efficiency experiments, but not shown).

Mature antisens@ TTTAGCTACACACATCCT

pGIPZ-shidhl #3(A0921) Short hairpin RNA against moeiddhl (sequence) in pGIPZ
lentiviral vector, Open biosystemsfV3LMM_522513, t ar guenttirnagn s3l6a t- e d
UTR).

Mature antisens@& GCTACACACATCCTATCT
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pGIPZ-shidhl #4(A0922) Short hairpin RNA against moeiddhl (sequence 4) in pGIPZ
lentiviral vector, Open biosystemstV3LMM_425008), targetingORF. (used in preliminary
knockdown efficiency experiments, but not shown).

Mature antisens@ TCTTGTCATAGATCTCCT

pGIPZ-shSnail (A0260) Short hairpin RNA against human SNAI1 in pGIPZ lentiviral vector,
(Open BiosystemstV2LHS 199873).

Mature antisenséATATAAATACCAGTGTACC

pRL-SV40(A0250) Renilla luciferase internal control reportegntains SV40 enhancer and

early promoter elements, which has high Renilla luciferase Sjgnathased fronPromega)
Snail_pGL2 (A0954) Mammalian expression vector, contaBsail promoter {1045 to-56)
sequence upstream of firefly luciferagayrchased from Addger#31694)(Fujita et al. 2003)
pGL3-control vector (A0267) Contains SV40 promoter and enhancer sequences, used as an
internal standard contr@purchased from Promegé&1741)
pGL3-Basic vector (A0618) Lacks promoter and enhancer sequences, allowing cloning
putative reglatory sequences and promoter sequences of interestxgitesson of luciferase
activity depends on proper insertion and orientation of a functional promoter upstream from
luc+ gene(purchased from Promegi#E1751)
Snail_pGL3#1 (A0956) created by cloningSnail promoter sequence fror8nail pGL2
(Addgene #31694) into pGL3asic vector using Kpnl and Hindlll restriction digestion
enzymes
Snail_pGL3#2 (A0975) created by clonin@nail promoter sequencamplified from human
genomic DNA, into pGL3Jasic vector using Mlul and Xhol restriction digestion enzymes.
pSLIK -GFP (A0712) Mammalian expression vector, containing-iretucible expression of
green fluorescent protei®GEP), with mammalian selectiovia Hygromycin used as a control
in overexpression experimer{isddgene #66844)(Lewis et al. 2014)
pSLIK -IDH1-FLAG (A0713) Mammalian expression vector, containing -iretucible
expression ofDH1, with mammalian selectiovia Hygromycin (Addgeng#66803).

2.1.8. Short interfering RNAs (SiRNAS)
siControl: SMARTPool ONTargetplus Nortargeting Control SIRNAs (Dharmacdd)1810
10-05).
SiHIF-1 U :SMARTPool ONTargetplus siRNA against human HIFU Dhgrmacon
NM_181053.
siHIF-2 U :SMARTPool ONTargetplus siRNA against human H2ZFU Dhérmacon
NM_00143Q.
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siSnail: SMARTPool ONTargetplus siRNA against humarSnail (Dharmacon,
NM_005985.3.

SiRNA c-Myc: SMARTPool ONTargetplus siRNA against humamiMyc (Dharmacon,
NM_002467)

SiRNA FOXK1: SMARTPool ONTargetplus siRNA against hum&OXK1 (Dharmacon,
NM_001037165)

SiRNA FOXK2: SMARTPool ONTargetplus siRNA against hum@&OXK2 (Dharmacon,
NM_004514)

2.1.9. Ribonucleoprotein (RNP) crRNAs components
Table 2.9. Crispr RNAs (crRNAs) and guide RNAs (gRNAsurchasedfrom IDT

crRNA/gRNAs Sequence
Hs.Cas9.SNAIL1.1.A GCTGTAGTTAGGCTTCCGAT
Hs.Cas9.SNAI1.1.AC TCGGCTCCAGGAGAGTCCCA

Table 2.10. Commercial componentsdrom IDT

Reagent Catalog number
Alt-R CRISPRCas9 tracrRNAATTO550 1077024
Alt-R S.p. HiFi Cas9 Nuclease V3 1081061
NucleaseFree Dylex Buffer 1072570
Alt-R CRISPRCas9 HPRT Positive Control crRNA 1079132
Alt-R CRISPRCas9 Negative Control crRNA #1 1079138

2.1.10Bacterial strains
One Shot® SthlE chemically competentE. coli: This strain was used for cloning into
lentiviral vectorsor luciferase vectorélhermo Fisher Scientific, #C737303)

2.1.11Cell lines

2.1.11.1. Original cell lines
HEK293T: established cell line derived from the embryonic human kidney line HEK293 by
stable transfection of the large T anti&TCC, #CRL-3216.
U87MG: established human glioblastoma cell line (ATGHETB-14).
Gb55: established human glioblastoma cell Jinendly provided by M. Westphal and K.
Lamszus (Hamburg, Germanijamel, Westphal, and Shepard 1993)
A549: established human lung carcinoma cells (ATECCL-185)
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A549 VIM-RFP: established reporter human lung carcinoma cells (ABITL-185EMT),
used as an EMT modekhich harbors thragh CRISPR/Cas9 gene editing at€&¢minal red
fluorescent protein (RFP) tag on the vimentin gene, enabling tracking of EMTigtuaiins by
monitoring RFP expression.

MDA -MB-231: established human breast adenocarcinomd A€ C, # HTB-26).

MDA -MB-231 VIM-RFP: established reporter human breast adenocarcinoma cell line
(ATCC, #HTB-26MET), used as a MET modelyhich harbors thnagh CRISPR/Cas9 gene
editing a Gterminal RFP tag on the vimentin geeeabling tracking of EMT and MET status
in vitro by monitoring RFP expression.

LLC1: established mouse Lewis lung carcinored line (ATCC, # CRL-1642)

H2030: established human lung adenocarcinoma cells (ATCC, #85HU)

2.1.11.2. Cell linesgeneratedin our laboratory
MDA -MB-231 i10 (invasive 10 times)MDA-MB-231 cells that invaded into the lower
compartment of Boyden chamber assay were collected asekeded again from which the
invading cells were collected. After 10 rounds of selection of the most invasive cells; MDA
MB-231i10 cells were isolated and stidtured.
MDA -MB-231 ni (nonrinvasive): MDA-MB-231 cells that did not invade after being seeded
in standard Matrigel for 48 hours and were isolated from the upper chamber of Boyden chamber
wells, and sulzultured.
MDA -MB-231-POR (pLenti6-ODD-RLuc): Human breast carcinoma cell line (ATCC, #
HTB-26) transduced with pLenti6 construct consisting of firefly luciferase under control of
HIF-2 WDDD (Safran et al. 2006)and constitutively activ®enilla luciferase. Single cell
clone was created by Omelyan Trompak.
LLC1 pCDH B3: established mouse Lewis lung carcinoma cell line transduced three times
with the pCDHEFlaeFFly-eGFP lentiviral construct (Addgene, #104834), allowing enhanced
green fluorescent protein (EGFP) detecfionitro, and luciferase detection for vivo studies
(Sandhofer et al. 2013reated by Nazli Salik.
LLC1 pCDH B3/sLP-mCherry B2: LLC1 pCDH B3transduced two times with the lentiviral
construct of pcPP-MPGK-attR-sLPmCherryWPRE lentiviral construct, which secrets a
soluble form of mCherry, that is taken up by surrounding cells. This allows tracing of tumor
microenvironment cells im vivo studiesOmbrato et al. 2019¢reated by Nazli Salik.
LLC1 pCDH B3 / sLP-mCherry B3: LLC1 pCDH B3 transduced three times with the
lentiviral construct pcPRMPGK-attR-sLPmCherryWWPRE, which secrets a soluble form of
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mCherry, that is taken up by surrounding cells. This allows tracing of tumor microenvironment

cells inin vivostudies(Ombrato et al. 2019 reated by Nazli Salik.

LLC1 sLP-mCherry B3: established mouse Lewis lung carcinoma cell line transduced three
times with the lentiviral construct pcPRIPGK-attR-sLPmMCherryWPRE (Ombrato et al.

2019) created by Nazli Salik.

H3030 pCDH B3: H2030 cellstransduced three times with the pCiBFlaeFFly-eGFP
lentiviral construct (Addgene, #104834), allowing EGFP detedtiowitro, and luciferase
detection foiin vivo studies(Sandhdofer et al. 2015¢reated by Nazli Salik.

Cell lines with stable knockdown, knockout, or overexpression, are listed below. Unless

otherwise indicated, the cell lines were generated by the author of the thesis.

Table 2.11. Stable knockdown(KD) through shRNAs, knockout (KO) using RNPsystem
or overexpression(OE) cell lines generated by lentivirus transductioror transfection and

subsequent selection

Line name Construct Genetic comments
modification
(transient/stable,
MOI,
KD/KO/OE)
U87MG co pGIPZ non Created by
silencing control ) Nuray
Moi 40, KD T
U87MG shiDH1 Bogurci
pGIPZ shiIDH1#3 .
Seidel
MDA-MB-231-POR co pGIPZ non Created by
silencing control ) Nuray
Moi 50, KD T
MDA-MB-231-POR shIiDH1 Bogurci
pGIPZ shiIDH1#3 .
Seidel
LLC1 pCDHEFlaeFFly-eGFP
pGIPZ non
B3/ co _ _
83 silencing control pGIPZ
) transduction
LLC1 pCDHEFlaeFFly-eGFP Moi100/200, KD
pGIPZ shidh1#1 was done
B3/ shiIDH1#1 B3
on 3 rounds
LLC1 pCDHEFlaeFFly-eGFP
pGIPZ shidh1#2
B3/ shiIDH1#2 B3
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LLC1 pCDHEFlaeFFly-eGFP
B3/ shiIDH1#3 B3

pGIPZ shidh1#3

LLC1 pCDHEFlaeFFlyeGFP
B3/ shIDH1#4 B3

pGIPZ shidh1#4

LLC1 pCDHEFlaeFFly-eGFP
B3/ co
B2

pGIPZ non

silencing control

LLC1 pCDHEFlaeFFlyeGFP
B3/ shiIDH1#1 B2

pGIPZ shidhl1#1

LLC1 pCDHEFlaeFFlyeGFP

Moi100/200, KD

pGIPZ

transduction

pGIPZ shidh1#2 was done

B3/ shIDH1#2 B2
on 2 rounds

LLC1 pCDHEFlaeFFly-eGFP

pGIPZ shidh1#3
B3/ shiIDH1#3 B2
LLC1 pCDHEFlaeFFly-eGFP

pGIPZ shidhl1#4
B3/ shiIDH1#4 B2
LLC1 pCDHEFlaeFFly-eGFP

pGIPZ non

B3/ co . .

silencing control
Bl
LLC1 pCDHEFlaeFFly-eGFP

pGIPZ shidhi#1 pGIPZ

B3/ shiIDH1#1 B1

LLC1 pCDHEFlaeFFlyeGFP

Moi100/200, KD

transduction

pGIPZ shidh1#2 was done

B3/ shiIDH1#2 B1
on 1 round

LLC1 pCDHEFlaeFFly-eGFP

pGIPZ shidh1#3
B3/ shiIDH1#3 B1
LLC1 pCDHEFlaeFFly-eGFP

pGIPZ shidhl1#4
B3/ shiIDH1#4 B1
LLC1 pCDHEFlaeFFly-eGFP pGIPZ non pGIPZ
B3/ sLRmCherry B2/ co B1 silencing control Moil100, KD | transduction
LLC1 pCDHEFlaeFFly-eGFP / was done

pGIPZ shidh1#3
sLP-mCherry/ shIDH1 #3 B1 only once
MDA-MB-231-VIM -RFP co pGIPZ non

silencing control Moi 50, KD

MDA-MB-231-VIM -RFP shIDH1

pGIPZ shiIDH1#3
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H2030pCDH-EFlaeFFly-eGFP
B3/ co

pGIPZ non

silencing control

Moi 50, KD
H2030pCDH-EFlaeFFly-eGFP
pGIPZ shiIDH1#3
B3/shiDH1
U87MG col/co pGIPZ non U87MG co
silencing control and shiDH1
U87MG co/slsnail pGIPZ st&nall cells were
U87MG shiDH1/co pGIPZ non later
silencing control transduced
U87MG shIDH1/slsnail Moi 40+40 with
shSnail,
_ created by
pGIPZ sisnall
Nuray
Bogurci
Seidel
MDA-MB-231-POR co/co pGIPZ non MDA-MB-
silencing control 231-POR
MDA-MB-231-POR co/sBnail pGIPZ sisnall co and
MDA-MB-231-POR shiDH1/co pGIPZ non shiIDH1
silencing control cells were
MDA-MB-231-POR later
shiDH1/stSnalil Moi 50+50 transduced
with
_ shSnail
pGIPZ stsnall
created by
Nuray
Bogurci
Seidel
U87MG pSLIK GFP (control) pSLIK-GFP Moi 10 Created by
U87MG pSLIK IDH1 Nuray
pSLIK-IDH1- _
Moi 10 Bogurci
FLAG .
Seidel
U87MG co negative control Indicated crRNA Created by
_ KO, 15 nM
(NC#1) using RNP system Nuray
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U87MG co HPRT

U87MG shIDH1 negative control
(NC#1)

U87MG shIDH1 SNAI1 1.AA

U87MG shIDH1 SNAI1 1.AC

U87MG shiDH1 HPRT

Bogirci
Seidel

MDA-MB-231-POR co negative
control (NC#1)

MDA-MB-231-POR co HPRT

MDA-MB-231-POR shIDH1
negative control (NC#1)

MDA-MB-231-POR shiDH1
SNAI1 1.AA

MDA-MB-231-POR shiDH1
SNAI1 1.AC

MDA-MB-231-POR shIDH1
HPRT

Indicated crRNA
using RNP system

KO, 15 nM

2.1.12 Restriction digestion

enzymes

Table 2.12. Restriction digestion enzymes used for moletar cloning

Enzyme Company Order number
FastDigesMIul Thermo Fischer Scientific FD0564
FastDigesiXhol Thermo Fischer Scientific FD0694
Hindlll (10 UpL) Thermo Fischer Scientific ERO0501
Kpnl (10 UjL) Thermo Fischer Scientific ER0522
2.1.13.Growth factors
Table 2.13. Growth factors used in cell clture
Growth factors Reagent Company | Order Stock Final
number | concentration | concentration
Animal-Free recombinant huma Peprotech| AF-100- |2 0 0 mEk g /| 20 ngmL
EGF (epidermal growth factor) 15
Recombinant human F&basic | Peprotech| 100-18B |2 0 0 mke g /| 20 ngmL

(fibroblast growth factor)
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TGFb1 Peprotech| 100-21C | 10 mgmL 5ng/mL

2.1.14 Buffers, media, and solutions

2.1.14.1. Bacterial culture
LB-Agar (Luria -Bertani-Agar): 32 g LB-Agar powder (Carl Roth, #X965.2) were dissolved
in 1 liter ofultrapure water. The solution was autoclaved at 121 °C for 15 minutes, cooled down
to 40°C, the appropriate amount of antibiotics added, swirled to mix and poured indeircm
dishes in a horizontal flow hood. The plates were stored@t 4
LB-broth medium: 20g LB powder CarlRoth, #X964.]) were dissolved in 1 liter afitrapure

water and autoclaved at 12@ for 15 minutes. The medium was stored &t4

2.1.14.2. Cell culture

Table 2.14. Medium, buffers, and reagentgpurchased readyto-use

Solution Company Catalog number
IxDubeccods Modi f i ¢Gibco

(DMEM) high glucose, pyruvate 11995065
DMEM, high glucose, sodium pyruvatg Capricorn Scientific DMEM-HPA
Roswell Park Memorial Institutd(RPMI) | Gibco

1640 11875093
1x Dulbecco's Modified Eagle Gibco 11320033
Medium/Nutrient Blend A2

(DMEM/F12)

Trypsin/EDTA Gibco 2530062
Fetal Bovine Serum (FBS) Merck S0115
Fetal Bovine Serum (FBS) SigmaAldrich F7524
B-27 supplement without vitamin A Gibco 12587010
1x PBS (pH 7.4) Gibco 10016056
IxDulb ecco 6 s P B2 Mgit t Capricorn Scientific PBS1A
and phenol red

0.05 % TrypsiFEDTA Gibco 25300054
Accutase Gibco A1110501
Opti-MEM Reduced Serum Medium | Gibco 31985047
DMSO Carl Roth A994.1
CASY ton solution OMNI Life Sciences 5651808
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CASY clean OMNI Life Sciences 5651787
Crystal violet Fluka 61135
Matrigel basement membrane matrix, | Corning 354234
LDEV-free

Doxycyclinehyclate SigmaAldrich D9892
HEPES Gibco 1563056
Dm-UKG SigmaAldrich 349631
Chloroquine SigmaAldrich C662825G
Polybrene SigmaAldrich H92685G
Polyethylenimine (PEI 25K) Polysciences 239661
PureCol Type | Collagen Advanced Biomatrix 5005
Poly-2-hydroxyethyl methacrylate {p | SigmaAldrich P393225G
Hema)

Laminin (1mg) SigmaAldrich L2020-1MG
Deoxyribonuclease (DNase l)from SigmaAldrich D4263
bovine pancreas

Hydrochloric acid (HCI) solution 1 N | SigmaAldrich H9892100
Sodium hydroxide (NaOH) solution 1N| SigmaAldrich S27706100

Complete medium for alturing adherent cells: 500mL of DMEM or DMEM/F12with

10% FBS. In case of starvation fBrGF b a K& experimeldts, 5% FBSwas used

Complete medium forculturing glioblastoma and carcinomain tumorsphere conditions:

500mL of DMEM/F12 mixed with 10nL of B-27 serumfree supplemenninus vitamin A1

mL of amphotericin B, 2.5nL 1M HEPES, 0.5mL gentamicin (50 mgiL). The following

growth factors were added freshly to dishes; EGF and (fi@& concentration for each is 20

ng/mL). 4% FBS was supplemented in case of growing carcinoma cell lines.

Cryoprotective freezing medium:90% complete medium (90®MEM + 10%FBS) + 10%

DMS O, in case of LLC1, as per manufactureros
prepared as follows; 95% complete medium + 5% DMSO.

10 mM Chloroquine: dissolved in distilled water, sterile filtereddastored at20 °C, final
concentration is 1QAM.

Polybrene: 6 mgmL in ultrapure water, sterile filtered and stored24t °C

Crystal violet: 0.5% Crystal violet in 20% Methanol/H20, steffilkered thraugh a 0. 45 e

PVDFfilter; stored at £C.
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Doxycycline: 1 mg of Doxycycline is dissolved in 1 mL of sterile filterelrapureH>O to

produce 1 mg/mL stock concentration.

Laminin: 1 mg/mL stock concentration is diluted freshly before plates coating with 1x PBS to

1 pg/mL.
2.1.14.3.

Table 2.15. Kits and reagents used for RNA andyenomic and plasmidDNA isolation and

Nucleic acidisolation

analysis

Kit/reagent Company Catalog number
RNeasy Mini Kit Qiagen 74106
b-Mercaptoethanol SigmaAldrich M6250
RNaseFree DNase Set Qiagen 79254
QlIAshredder Qiagen 79656
DiethylpyrocarbonatéDEPC) Roth K028
Monarch DNA gel extraction kit NEB T1020
Phusion Hot Start Il Higlfridelity DNA | Thermo Scientific F549L
polymerase

PureLink genomic DNA mini kit Invitrogen K182001
DNA-spin Plasmid DNA purification kit| INtRON biotechnology 17098
PureLink HiPure plasmid maxiprep kit | Invitrogen K210007
T4 DNA ligase Thermo Scientific ELO011
SYBR Safe DNA gel stain Invitrogen S33102

Gel Loading Dye, Orange (6x) NEB B7022S
Pierc& 16% Formaldehyde (w/v), Thermo Scientific 28908
methanolfree

Glycine Roth 3908
p-APMSF Cayman Chemical 14971
cOmpleté , Mini, EDTA-free Protease | Roche 11836170001
Inhibitor Cocktall

RNase A Thermo Scientific ENO0531
Proteinase K Bioline BIO-37037
nucleospie gel and pcr cleanp Macherey&Nagel 740609.250
Protein ASepharose® CGi4B GE Healthcare 17-078001
Protein G Sepharose® 4 Fast Flow GE Healthcare 17-061801
NaCl Roth 3957.1
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LiCl SigmaAldrich L9650
NP-40 BioVision 2111
Deoxycholate Roth 3484.2
EDTA SigmaAldrich E5134
SDSultra pure Roth 2326.1
Triton X-100 SigmaAldrich T8787
Sonication beads Diagenode C03070001
Quantitative PCR human reference tot| Agilent 750500
RNA

Quantitative PCR mouse reference totj Agilent 750600
RNA

Maxima H Minus First Strand cDNA | Thermo Scientific K1652
Synthesis Kit

2x PowerUp SYBR Green master mix | Applied biosystems A25743
for gPCR

DEPC-H20: 1 mL Diethylpyrocarbonate was dissolved overnight in 1 liter distilled water and
autoclaved subsequently.

1x TAE buffer: 40 mM TRIS, 20 mM glacial acetic acid, 1 mM EDTA

Agarose gel:0.8 to 2 % (w/v) Agarose NEE@tra quality (Carl Roth#2267.3.

2M Glycine: 30.028 g Glycine in 200 mL of distilled water.

Lysis buffer: 20mL of 10% SDS, 4nL of 0.5M EDTA, 10mL of 1 M Tris-HCI pH 8.1, filled
up to 20 mL with double distilled water

Dilution buffer: 200puL of 10% SDS, 22nL of 10%Triton X-100, 480uL of 0.5 M EDTA,
33.4mL of 1 M NaCl, 3.34mL of 1 M Tris-HCI pH 8.1, filled up to Q0 mL with double
distilled water

Low salt buffer: 2 mL of 10% SDS, 20nL of 10%Triton X-100, 800uL of 0.5 M EDTA, 30
mL of 1 M NaCl, 4mL of 1 M Tris-HCI pH 8.1, filled up to Q0 mL with double distilled water.
High Salt buffer: 2 mL of 10% SDS, 20nL of 10% Triton X-100 800uL of 0.5 M EDTA,
100mL of 1 M NaCl, 4mL of 1 M Tris-HCI pH 8.1, filled up to 20 mL with double distilled
water.

LiCl buffer: 40mL of 1.25 M LICI, 20nL of 10% NR40, 20mL of 10% deoxycholate, 400
puL of 0.5 M EDTA, 2mL of 1 M Tris-HCI pH 8.1, filled up to Q0 mL with double distilled

wate.
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TE buffer: 2 mL of 1 M Tris-HCI pH 8.1, 40QuL of 0.5 M EDTA, filled up to PO mL with

double distilled wate

2.1.14.4. Western blot

Table 2.16. Reagents used in various steps of protein analysis via western blot

Reagent Company Order number
Acrylamide30% Roth 3029.1
Tetramethylenediamind EMED) SigmaAldrich T9281
Ammonium perslfate (APS SigmaAldrich A9164

Pierce ECL western blotting substrate Thermo Scientific 32106
Western lightning Plus ECL PerkinElmer NEL105001EA
SuperSignal West Pico PLUS Thermo Scientific 34577
Chemiluminescent Substrate

SuperSignaWest Femto Maximum Thermo Scientific 34094
Sensitivity Substrate

Methanol SigmaAldrich 34860

DC Protein Assay Reagents Package| Bio-rad 5000116
Tween 20 Applichem A49740100

Laemmli Lysis buffer: 10 mM Tris HCI, 2 % SDS, 2 mM EGTA, 20 mM NaF in distilled

water.

Ammonium persulfate (APS): 1 g of powdered APS solved in 1@4L distilled water and

stored in ImL aliquots at20 °C.

Sample buffer: 40 mL 10 % SDS, 16nL 1 M Tris pH 6.8, 20mL 100%glycerol, 19mL
distilled watey stored in 80QL aliquots, for usage mixed with 2QQ. 1% bromophenoblue

and 50uL o f -Mdrcaptoethanol

Lower buffer (for separating gel): 1.5M Tris base, 0.4% SDS, in distilled water, pH adjusted

to 8.8

Upper buffer (for stacking gel): 0.5M Tris base, 0.4% SDS, in distilled water, pH adjusted

t0 6.8

8% PAGE separating gel:per 1 gel; 2./ML of 30% polyacrylamide 2.6 mL Lower buffer,
4.65 mL distilled water, directly before pouring the solution in the castLOABPS (10%) and

5uL TEMED are added for acrylamide polymerization
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12% PAGE separating gel:per 1 gel; 4mL of 30% polyacrylamide 2.6 mL Lower buffer,
3.5mL distilled water, directly before pouring the solution in the cast, A0OBPS (10%) and
5 uL TEMED are added for acrylamide polymerization

15% PAGE separating gel:per 1 gel; 5.03nL of 30%polyacrylamide 2.6mL Lower buffer,
2.4mL distilled water, directly before pouring the solution in the cast, A0BPS (10%) and
5uL TEMED are added for acrylamide polymerization

4% Stacking gel:per 1 gel; 0.65nL of 30% polyacrylamide 1.3mL upper buffer, 4.5nL
distilled water,directly before pouring the solution in the cast, [ BOAPS (10%) and L
TEMED are added

10x Running buffer: 250mM Tris base, M Glycine, 1% SDS in distilled water

10x Wet Transfer buffer: 200mM Tris base, 1.8/ glycine in distilled water

1x Wet Transfer buffer: 1 L of 10x wet transfer buffer2 L methanoland7 L of distilled
water

Blocking buffer: 5% milk powder in X PBSTween 20 (0.1%)

Washing buffer: 1x PBS, 0.1% Tween 20 in distilled water

Stripping buffer: 200 mM glycine, pH adjusted to 2.5, 0.05% Tween 20 in distilled water

2.1.14.5. Immunofluorescence

Table 2.17. Reagents used in various steps of protein analysis via immunofluorescence

Reagent Company Order number

Paraformaldehyde (PFA) Roth 0335.3

Dakofluorescence mounting medium Dako S3023

Normal goat serum (NGS) Cell Signaling 5425
Technology

Bovine serum albumin (BSA) Serva 11946.02

4',6-diamidine2-phenylindole (DAPI), Invitrogen D1306

stock concentration 1000 ng/mL

4% PFA: 80 g PFA were dissolved in 1.5 liter ok PBS, adjusted the pH to 11 with 5 M
NaOH andstirreduntil the solution gets cleaAfterwards the pH was adjusted to 7.4 and the
solution filled up to 2 liter with 2 PBS. The solution was stored-20°C.
Antibody dilution buffer: 1% BSA in 0.1% PBST

2.1.14.6. Dual luciferase reagents
1x Passive lysis buffer5x Passive lysis buffer (PromegéE194A), diluted to X with

millipore water.
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Luciferase Reagent A: 25mM glycylglycine, 15mM KH2PO4, 4mM EGTA, 2mM ATP,
1 mM dithiothreitol, 15mM MgSQs, 0.1M ¢ 0 e n z y nMebeetle DIUgiférin €Promega,
#E1602)
Luciferase reagent B:1.1M NaCl, 2.2M Na-EDTA, 0.22M KH2PQy, 0.44mg/imL BSA,
1.3mM NaNe.
LuciferasereagentC:1 . 43 & M c o el e n #32004)zaddedefreshlf’to o me g a ,
luciferase reagent B 1:50 ratio

2.1.14.7. Animal experiments
Anesthesia 9 mL 0.9% sterile NaCl solution, 2 mL of 10% Ketamine (hgdarm GmbH,
FS1670041), 0.5 mL of 2% Xylazin (CEVA Tiergesundheit GmbH).
D-Luciferin: D-Luciferin potassium salt (Regis Te@RE-1-360222200) was dissolved
with PBS to prepare 150 mkg solution, and stored &20 °C.
3x Digestion buffer: 3 U/mL Collagenasé, 133U/mL CollagenaséV, and 10U/mL
DNAse, 0.5 % BSA in 100 mL serufree RPMI medium
Wash buffer:2 mM EDTA in addition to 2% FBS in 5 mL sertinee RPMI.
Red Blood celllysis buffer: Roche#11814389001
Collagenase I:Worthington Biochemical, # LS004194.
Collagenase IV:Worthington Biochemical, # LS004188.

2.2. Methods
2.2.1. Working with cell lines

2.2.1.1. Sub-culturing and passaging cells
U87MG, G55, A549, MDAMB-231, LLC1, HEK293T werewdtured in DMEM supplemented
with 10% FBS onl0 cm tissue alture (TC) dishes(Sarstedt #83.3902)under adherent
conditions. A549VIM-RFP andMDA-MB-231-VIM -RFP werecultured in DMEM/F12
medium supplemented with 10% FB&2030 cells were cultured in RPMI medium
supplemented with 10% FB%or passaging the cells, medium was discardetls were
washed two times withxIPBS, covered with 0.05% TrypsiEDTA (e.g. 2 mL forlO cmdish)
and incubated at 37C for 3 to 5 minutes to detach the ceber semiadherent LLC1 cells,
medium and PBS were collected instedteing discarded rypsin was inactivated with#L
of 10% FBS containing medium, cell suspension was collected in a falcon tube andgeshtrif
in a tabletopRotina 420centriuge (Andreas HettichGermany at 1000rpm for 3 minutes.
Medium was removed, and cell pellet was resuspended in doesplete mediumand sub
cultured in different ratios according to the doubling time of the cell liMygoplasma

contamination wasoutinely monitored using PCR analygiisal et al. 2016; Uphoff and
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Drexler 2004, 2014)In case of contaminations, cells were treated withsiRocin or

Plasmocureaccording to thena n u f a anstuwatiens, ® sliminate mycoplasma

2.2.1.2.  Cryopreservation and thawing of cells

To cryopreserve established adherent cell limneBquid nitrogen tanks, 70 to 80%
confluent cells were washed witk PBS, then trypsinized as describedhieprevious section.
Cell suspension was centrifed at 1000pm for 3minutes.Medium was removed, and cell
pellet was resuspended in stefileered freezing medium containing 10% DMSkr LLC1
cells, 5% DMSO was used foll owi mg cell buspensiamp p | i e
(approximately containing half of the cells from adf dish) was transferred to Cryovials
(Greiner BieOne #123277) and placed in a container used to ensure astingin the vials
(by isopropyl alcohol or Styrofoam). The container was placed-&9 &C freezer for at least
24 hoursthen transferretbr longterm storagén liquid nitrogen tanks.
Cryopreserved cells were rapidly thawed in a water bath atC37after whichthe cell
suspension was transferred to d@ TC dish filled with 10mL of complete medium. The
following day, medium was changed, and if necessaaplaced with medium containing

antibiotics forselection of transduced cells.

2.2.1.3. Determination of cell count and viability

Cellnumber was determinessing the CASY Cell Counter and Analyzer System Model
TT (Roche Innovatis AG#5651697. The counting principle is based arcurrent exclusion
method cells pass thragh a poregeneratingan electric plse as resistance signal which is
registered by the counter. This approat#termines cell numbgesize distribution and
percentage of viable cellg,also allows assessing the vital state of a cell as dead cells display
a much weaker resistance due to a disrupted cell memi@aheounting was performed by
diluting 100uL of cell suspensionin Lo f CASYt on buffer foll owin

recommendations, with individual programs stored for every cell line used.

2.2.1.4.  Epithelial cells tumorsphere culture
To grow carcinoma cell lines in sphere culture, 10 mg/mL pHema coating was prepared
by reconstituting 1 g of pHema in 100 mL of 95% Ethanol, mixture was heated to ensure
complete dissolution. Solution was sterile filtered, then 10 cm TC dishes were withtéd
mL pHema, dried, then rinsed with PBS. LLC1 cells grown in samtherent culture were
trypsinized as described in section 2.2.1.1., and &xdB were resuspendedtimorsphere
medium (TSM) supplemented with 0.4% FBS, required for growth of epithelial cancer cells in

3D conditions, and seeded on pHeomated dishes for at least 48 hours.
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2.2.1.5. Treatments
22.151T GFb akKGdreatinents
For TGFb time cour se t°rcalsawemmseeded under shheréd MG,
conditions. Next day, TGFb (final concentr a
indicated times (72, 48, or 24 hours) (Fidld). For adherent and seamlherent cells, such as
MDA-MB-231, A549, and LLC1, 3.5, 2.5, or 1 x>1@lls were seeded in growth medium (with
10% FBS) under adherent conditions, respectively. The next day, the medium was replaced
with1% FBSc ont ai ni ng medi um. On t laddedttothe dishesdoay , 5
the indicated times (96, 72, 48, 24, or 6 hours for MAB-231 and A549) (Fig. 2b) and 72,
48, 24, 6, and 3 hours for LLC1) (Figl2.) . Effect of TGFb on EMT i

by RNA and protein analysis as described later.

Seed cells )
(3D culture) TGFB72h TGFB48h TGFB24h  Harvest Protein / RNA

| | | | |
Us7MG | i | I I

0 24 48 72 96 Time (h)

Seed cells .
(adherent culture) Startstarvaion TGFB98h TGFB72h TGFB48h TGFp24h TGFB6h Harvest  Protein /RNA

MDA-MB-231, A549 I I } I | | I I

0 24 48 72 96 120 138 144 Time (h)

Seed cells
(adherent culture) Start starvation TGFp72h TGFR48h TGFp24h TGFE6h  TGFp3h Harvest  Protein/RNA

| | | | | | | |
LLCt 1 1 I 1 1 1 | |

0 24 48 72 96 114 117 120 Time (h)

Figure 2.1. Experimental setups forT GF b t i manalgsesur s e

Generally, for protein and RNA analysis experiments-185x 1@ parental or
genetically modified glioblastoma cell s were
was started as described above on the next day, or on the same day three hours after seeding,
for a duration of 72 hours. Carcinoma cell lines werdesgeising same cell density mentioned
earlier, under adherent condition, starved
supplemented for 72 hours (Fig.22.) . For «K&mbi nTeGIFBU treat ment .
concent r-H@ @@ rbsandBimWer e used. AdherentKGeel l s
after 72 hours of starvation for the last 24 hours. Depending on the setup of the experiment,
treatment with 6 mM and/or 8 mM cell permeable DFKG was added for the indicated time

points (6 or 24 hours) (& 2.2b). Treatments duration varied according to the type of analysis,
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detailed experi ment al setup is explained in
KG containing medium was adjusted to 7.4 by using 1N NaOH and 1N HCI, prior to starting

the treatment, to prevent any unwanted effect of acidosis on cells. Megiarthen sterile
filtered, and amount s ecKé&rconeestrptons derethen adadedto he d

the dishes or wells.

a

Seed cells
Us7TMG (3D culture) TGFp 72 h Harvest Protein | RNA
shIDH1 cells | | |
Double KD | | |
Snail KO cells 0 24 96 Time (h)
Seed cells
(adherent culture) Start starvation TGFB72h Harvest Protein / RNA
A549, MDA-MB-231 I I I I
VIM-RFP cells 0 24 48 120 Time (h)
b
Seed cells
(3D culture) TGFp72h a-KG24h o-KG6h Harvest Protein / RNA
US7MG, G55, } } } { }
and shiDH{ cells 0 24 72 90 9% Time (h)
Seed cells
(adherent culture)  Start starvation TGFB72h a-KG24h o-KG6h Harvest Protein / RNA
A549, MDA-MB-231 I } I I I }
0 24 48 96 114 120 Time (h)

Figure 2.2. Experimental setups for the analyses of combinetl G F BJ}KG treatments.

2.2.1.5.2 . Hypoxia incubation
Hypoxia treatment was carried out in andontrolled Hypoxic Workstation (either Coy
Laboratory Products Inc., USA; or Lat@2°gffer L
U87MG co and shIDH1 cells were seeded under normoxia in sphere conditions as described
earlier. Depending on the experimental setup, cells were always placed in the hypoxic chamber
starting from the second day, for the indicated durations, efcePLR assay where cells
were placed three hours after splitting them in TSM. Cells wargested under hypoxic
conditions, at the same end point.
2.2.1.5.3.Inhibitor treatments
To inhibit the mTOR signaling pathwal) uM rapamycin(Rap), 10 uMU0126 (0),
20 puM LY294002 (LY), 10 uM SB431542 &B), 5 puM oligomycin Q©li), and 5 uM
dorsomorphin@or) wer e added to the cells 2 hours be
2.3a). For short treatments of oligomycin and dorsomorphin, treatments were started 5 minutes
before TGFb for 33). 6, or 24 hours (Fig. 2.

73



Seed cells
(3D culture) Inhibitors TGFpB 72 h Harvest Protein / RNA

US7MG co and shIDH1 I I I I

0 22 24 74 Time (h)
b
Seed cells Inhibitors 5 min Inhibitors 5 min Inhibitors 5 min
(3D culture)  prior to TGFp 24 h prior to TGFB 6 h prior to TGFB 3 h Harvest Protein / RNA
US7MG co and shIDH1 I I I I I
0 48 66 69 72 Time (h)

Figure 2.3. Experimental setups for the analyses of combine®l G F bnhibitoritreatments.

2.2.1.5.4.IDH1 overexpression

To induce IDH1 overexpression, pSLIK system, a Tetracydlihelentiviral vector,
designed for conditional gene silencing or overexpression, was employed. The system uses a
tetracycline response element (TRE) upstream of the gene/shRNA/mIiRNA of intackst, a
reverse tetracyclineontrolled transactivator (rtTA) that activates transcription only when
doxycycline is adde(Bhin et al. 2006)U87MG pSLIK GFP (designated as control) and pSLIK
IDH1 cells were seeded under sphere conditions, and doxycycline treatment was started right
away to induce conditional IDH1 overexpression (stock concentration: 1000 pg/mL, working
concentrations: 0.2, 4. or 0.8 pg/mL).Snailexpression had to be initially induced to enable

evaluation of the impact of IDH1 overexpression on EMT. To achieve this, cells were treated

with 5 ng/ mL TGFb 3 hour s a #a),ercellcswere pladens e e di n

hypoxic chamber for 6, 24, 48, 72, or 96 hours, one day after cell seeding and doxycycline
treatment (Fig. 2b). Cells were harvested at the same time.

a

Seed cells
(3D culture)
add Doxycycline TGFBR72h Harvest  Protein
USTMG I I I
0 3 75 Time (h)
b
Seed cells
(3D culture)  Hypoxia Hypoxia Hypoxia Hypoxia Hypoxia .
add Doxycycline 96 h 72 h 48 h 24 h 6h Harvest Protein
U87MG | | | | | | |
I I I | I I I
0 24 48 72 96 114 120 Time (h)

Figure 2.4. Experimental setups for the analyses dDH1 overexpression.
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2.2.1.6. Transfection and transduction

2.2.1.6.1.Virus production and concentration

All the following steps involving virus production, concentration, titration, and
transduction were carried out in an $i(ogicalsafety level 2) laboratory. For each lentivirus
described in sectio®.1.7, three T75 celldture flasks (Sarsteg#83.391) were used. In each
flask, 4.5x 10° HEK293T cells were seeded a day prior to the transfection, iml1®f
complete mediumOn the next day, two hours before transfection, medium was changed to 6
mL 1x DMEM + 10% FBS. In a sterile 1./&5L reaction tube, 50QL Opti-MEM was mixed
with 7.5 &g of-cdanthimng thetdeei xfpirce spsleads mdNJA. Addi t i c
of the envelope plasmid-V SVG as well as 4.88 ¢eg 2onvkret he pi
added. 451L of room temperature (RTequilibrated PEIn a 3:1 ratio with DNAwereadded
to the plasmid and OpMEM mix, and vortexed for 1@econds. The DNA/PEI mix was
incubated aRT for 20 minutes. Meanwhile, gL of 10 mM chloroquine were added to the
cells and mixed well. The DNA/PEI mix was then added in a dropwise manner to the cells,
while lightly swirling the flasks. Flasks were kept for up toHirsat 37°C. On day three,
medium was changed to ®L of DMEM + 10% FBS. 48hours posttransfection, the
recombinant virugontaining supernatant was collected inndD tubes, centriiged at 250y
for 5 minutes and filtered using a 0.45 um PVDF filter (Carl Roth, #P66HEn kept at 4C
until next day Cells were then replenished withnfl of fresh complete mediuni2 hourspost
transfection, virusontaining supernatant was again collected, ceged at 250g for 5
minutes and filtered using a 0.45 um PVDF filter.

To obtain high viral titers, lentiviral particles were concentrated. First, 6
ultracentrifigation tubes (Herolab, #253060) were added to each egetrifucket (Thermo
Fisher Scientific #52427). To eaclultracentriigation tube, approximately 281L of
centriuged and filtered virus supernatant was added in a way that all buckets end up with the
same weight to ensure balance duringuheacentrifugatiorstep, plain DMEM+ 10% FBS
medium was used to reach the same weight if needed. Viruses were thdéogeehét 20,000
rpm (or 22,500 rpm) for four hours (or 1.5 hours) &€4n Sorvall WXultracentriige (Thermo
Scientifig using the AH629 rotor Thermo Scientifig. After centriigation, supernatant was
removed, and tubes were left upsdtavn to dry on UMighted tissue paper to ensure complete
removal of medium. Then, each pellet was resuspended inull3tlain DMEM medium
without FBS and incubated at 4C for 30minutes Subsequently, viruses of the same plasmid
were resuspended again and combined in anl Beaction tube, centufjed using Heraeus
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Fresco 17 centrifugéor three minutes at 13,000 rpm at°@. The supernatant was then

aliquoted and frozen t@0 °C for storage.

2.2.1.6.2.Virus titration

To titer viruses, 5x 10* G55TL cells were seeded invéell TC plates (Sarstedt,
#83.3920) 9 wells per virus to betered On the following day, virus aliquots were thawed on
ice, and 1€fold serial dilutions of the virus were prepared in dilution medium (DMEM%
FBS+ &L Polgbrene).11 pL of virus was resuspended well in 1082 of dilution
medium. From the first dilution, 110L was transferred to 990L of dilution medium and
resuspended well. This was repeated six times until reachibgill@ion, last well was used
as a mock control without any virus transductigifter that, the medium on the cells was
replaced with the preparesgrial dilutions 24 hours after transduction, medium was changed
to fresh DMEM+ 10% FBS. On the following day, the medium was replaced with DMEM
10% FBS containing selective antibioties defmned by the plasmid sequence, and in the
amount tolerated by the transduced cells and determined lyuki experiments (cell line
specific). The antibiotic containing medium was refreshed every 2 to 3 days, usually up to 16
days, until all cells in thenock control have died. At the end of the experiment, cell colonies
were stained. For this, cells were washed twice wihPBS. Then, for each well, 1QQ of
Crystal violet was diluted in inL of DMEM, and 1mL of the mix was added teachwell.
Cells were incubated for BinutesatRT. After this, staining solution was discarded, and cells
were washed up to three times withRBS until the colonies were well visible. Subsequently,
the plates were scanneding EPSON Perfection V700 Photo Scanrend colonies were
countedmanually. The titer in transducing units paL (TU/mL) was calalated using the
following formula, where the mean of the number of coloniadtiplied by the dilution factor
in 2 wells was determined.
(n1xdl+n2xd2)/2=#TUdiL

where n ighenumber colonies of a dilutiomndd isthedilution factor (e.g. 10).

2.2.1.6.3.Stable lentiviral transduction

Depending on the cell line and the desiradtiplicity of infection (MOI), 2x 10% 5x
10, 2 x 104, or 5% 10* were seeded in 9648, 24, or 12well TC plates in 1x complete
medium one day prior to transduction, respectively. On the next day, medium was changed to
1x complete medium with 8 ¢gnL Polybrene. Concentrated virus particles watded to the
cells according to thdefinedMOI, cells were then incubated for up tol®&ursat 37°C. On
the following day, medium was changed to RMEM, RPMI, or DMEM/F12 + 10% FBS.
One day later, the medium was replaced with complete medium containing selective antibiotics
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according to the plasmid sequence, and in the amount tolerated by the transduced cells and
determined by killcurve experimentslhe antibiotic containing medium was refreshed every

2 to 3 days, and the cells were expanded whenever they reached 80% confluency.

2.2.1.6.4.Transient transfection for RNP-mediated gene knockout

To knockout SNAIL gene usirgCRISPRCas9 system, the ribonucleoprotein (RNP)
Alt-R CRISPRCas9 2part guide RNA system from IDT was deployddrstly, Alt-R-
CRISPRCas9 crRNA specific tthegene of interest was purchased along withRAERISPR
Cas9 HPRT positive control, AR-CRISPRCas9 negative contraind Alt-R-CRISPRCas9
tracrRNA-ATTOS550 from IDT. RNA oligonucleotides were resuspended in nuclefss
duplex buffer (30 mM HEPES, pH 7.5, 100 mM potassium acetate)00 ¢ M stock
concentration. Th2-step protocol startsy forming the gRNA complexes byixing equimolar
amounts of AKR crRNA and AltR tracrRNA innucleasdree duplex buffergreating a duplex
concentration of £ M This solutionwas incubatedat 95 °C for 5 mintesand left slowly
cooling toRT. Next, for each single well in a 24ell TC plate (Sarstedt#83.3922) 6 uL of
diluted Alt-R S.p. HiFi Cas9 Nuclease V3 (working concentratien N was combinedavith 6
pL of gRNA and 88uL of OptiMEM, which was left for 5 mimtesat RT to allow assembly of
the RNP complex. Finally, 10QuL of RNP complexwasmixed with 6L of Lipofectamine
RNAIMAX (Invitrogen, #13778150)and opiMEM in a final volume of 20QIL, transfection
mix was incubated at 37 °C for 2@inutes Next,5 x 10* US7MG or MDA-MB-231-POR cells
diluted in 20QuL of medium were mixedith afinal concentration of RNP complex of 15 nM.
Cells were incubated wittransfection mixfor 48 tours then splitted anduttured. Alt-R-
CRISPRCas9 tracrRNAATTO550 was used to confirm successful transfection by
fluorescencemicroscopy visualizatior?4 hoursafter transfectionCells transfected with Adt
R-CRISPRCas9 HPRT were included in preliminary experimexggositive controlto test
for knockout efficiency but were not included in the presented results.

2.2.1.6.5.Transient transfection for dual luciferase reporter assay

SNAI1 gene promoter activitywas assessed usirgdual luciferase reportediDLR)
assayFor this purpose, cells were-t@nsfected with two plasmig$000ng/pL SnaitpGL3#1
or SnailpGL3#2 containing a partial promoter sequence SMAI1 fused with a firefly
luciferase, in combinatiowith 10 ngfiL of control reporter vector; a plasmacoding for a
stable viral promoter (SV40) with Renilla luciferase, used to estimate numbers of viable cells.
Cells were always ctransfected at 1:1000 ratio between Renilla and firefly lucifefaSex
10° US7MG co and USMG shIDH1 cells were seeded iB-well TC plate one day prior to
transfectionThe next dayatotal of1 ¢ gf DNA wasmixedwith Fugene HD(4 uL) at a ratio
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of 1:4 (Promega, #E2311) in OpMEM in a total volume of 10QuL. To transfect the same
amount of DNA in each well, DNA amounts were adjusted with empty pcDNA3.1 vector to a
t ot al Tbeftrankfecgog mix was incubatedrat for 15 minutesthenadded to each well

in a dropwise manngand cells were incubated for Bdurs On thethird day, cells were split

in triplicate into 24well suspensioplates(Sarstedt, #83.392250@nder sphere conditions.
ng/mLTGFb treat ment was 48hows(Rige2da) arfwasestarte@next o ur s
day for 6 lours(Fig. 2.5b). Hypoxia treatment was started after 3 hours for 24 héigs.5c).

On the other hand}KG treatment startedn the next day for 3 hour&ig. 2.5d). At the end

of the treatments, the cells were collected and lys&d passive lysis buffer. Renilla luciferase
and firefly luciferase activity were measured using the Dualferase Reporter Assay System
(Promega) in a microplate reader (TriStar LB 941, Berthold Technolpgssywhite 96well

plates Greiner 655079. Firefly luciferase signal was normalized to Renliliciferase activity

and plotted as relative luciferase units (RLPBL3-basic and pGL&ontrol were used as
controls but were not included in the final figures.
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Seed in 2D Change medium Move to TSM Lysis and Freezing Measurement
In 10% DMEM 3h} 3nd
Transfection Add TGFB
b
1 2 3 4 X Time (days)
Seed in 2D Change medium Move to TSM Add TGFB Measurement
In 10% DMEM 3hi sh
Transfection Lysis and Freezing
Cc
1 2 3 4 X Time (days)
.
Seed in2D Change medium Move to TSM Lysis and Freezing Measurement
In 10% DMEM 3} and
Transfection Place in Hypoxia chamber
d
1 2 3 4 X Time (days)
Seed in 2D Change medium Move to TSM Add a-KG Measurement
In 10% DMEM 3h 3h 1
Transfection Lysis and Freezing

Figure 2.5. Experimental setups for dual luciferase assay.

2.2.1.6.6.Transient transfection for sSIRNA-mediated gene knockdown
siRNAs against HIFL U, -2HIFdxK1, FoxK2, c-Myc, SNAIL or nontargeting
control SIRNA were obtained as a pool of 4 siRNA oligos (ONTARGETplus SMART pool,
Dharmacon)s described in section 2.118/ophilized siRNA pools were resuspended in 1x
diluted siRNA buffer (5x siRNA buffer, Dharmacon, #B-002000UB-100) to a final
concentration of 2@M (20 pmoljuL), aliquoted, and stored frozen-80 °C. Reverse siRNA
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transfection of 4 x 10° US7MG co and shiIDHZells was performed in-&ell TC plate using
Lipofectamine RNAIMAX according to the manufacturer's instructio3.nM-180 nM of

total siRNAs is diluted in 500pL of Opt-MEM reduced serum mediurfTable 2.18) in
addition to 4uL of Lipofectamine RNAIMAX, then the transfection mix is transferred to the
wells and incubated at 3T for 20 minutes After the incubation, the required amount of cells
resuspended in 5Q€L of antibioticfree DMEM + 10% FBS is added into the wel®} hours
after transfection, cells were trypsinized and reseeded to sphiaree cconditionsn 10 cm
Petri dishes (Greiner, #63316Threehours later, iginL T G Fvias added to the cells for 48
hours for protein and RNA analysi$Vhen siRNA transfection is combined with DLR assay,
cells were reverse transfected as explained above, and on the following day transfection with
luciferase plasmids was start€klls were then split to 2d.ell suspension plates and treatment
wi t h Th@iexa foo 24 hours was conductédd. 2.6). To ensure a consistent total SIRNA
concentration during transfection, ntargeting control SiRNA was supplemented as needed to
reach the desired final concentration.

a
DAY DAY 2 DAY 3 DAY AY
| | | | |
S\ "
‘: ‘,/ \‘ P\
\ / \
A \e®/ \&
siRNA reversti transfection Changel medium Move to TSM Lysis and Freezing  Measurement
20min 3h 3h
Seed in 2D Transfection TGFB addition
DA DAY 2 DAY DA DAY X
| i | i |
( )
\ /
) |
®
siRNA reverse transfection Change medium Move to TSM Lysis and Freezing Measurement
20min | 3n} 3h
Seed in 2D Transfection  Place in Hypoxia Chamber

Figure 2.6. Experimental setups for dual luciferase assay includingiRNA treatments.
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Table 2.18. Final singlesiRNA concentration used inreverse siRNA transient transfection

siRNA Final concentration (nM)
HIF-1 U 20

HIF-2 U 100

Snalil 120

c-Myc 60

FoxK1 60

FoxK2 60

2.2.1.7.  Collagen invasion assay

To test the invasiveness of tumor cells grown in 3D culture medium a collagen matrix
was prepared. This consists of 50% PureCol bovine collagen type |,-2%3&rumFree
Supplement, combined with 48%umorsphereculture medium containing DMEM/F12,
HEPES,Amphotericin B, gentamycir0 ng/mL bFGF, 20 ng/mL EGF and 0.4% FBS- 12
well TC plates (Sarstedt, #83.3921) were covV
polymerized for 1 hour at 37 °C. LLC1 tumor spheroids of equal size were then picked using
10 OL pipette and pl at e d-pélymeriaed sokageo matrix.ITleey er o
first image was taken 2 hours after experiment was set, afterwards images were taken every 24
hours for a duration of 96 hours. Images were taken with a 4x wljethe invasion of the
spheres was analyzed with the programs Affinity Photo and ImageJ (Schneider, et al., 2012).
Affinity Photo was used to select the spheres, isolate and excise them using the Flood select
tool, while ImageJ was used for thresholdargl quantification of the area of invasion by the
spheroids. Eight out of twelve spheres were qualified to be pictured and counted.

2.2.1.8. Modified Boyden chamber assay

Invasivenes®f the cells was assessed using a modified Boyden chamber @ksay.
main differencebetween the modified version of the protocol and the original assay is that in
the modified Boyden chamber assay cells must first invadeghran ECM matrixsuch as
Matrigel, in order tomigrate thraigh the porous membranehereas in the original asseslls
are only allowed to migrate through the pores of the membrane from upper to lower
compartment by chemotaxis, without passing through Matf@feén 2005)1-1.5x 10° cells
(UB7MG, MDA-MB-231,A549) were seedeth complete medium containing 10% FBS6
cmTC disheqSarstedt, 83.3901Dn the second day, cells were starved as described earlier by
replacing the medium with 1% FBS containing medium. On the followingTdalf treatment
was started for 7Bours Two concentrations of DAFKG (6 mM and 8mM) wereadded to
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the medium in the last 2Hours After the end of the treatment, cells were trypsiniaed

counted as described earlidext, 3-5 x 10* cells wereresuspended in 1Q0 diluted Matrigel

(2:20 in1% FBS containindPMEM) and kept on ice to avoid premature solidification. They

were therseeded irthe upper compartment of one transwell fiker t h a pore si ze
(Corning #3423. Four to $x wells were seeded per condition. The suspension was allowed to
polymerize at 37C for 1hour. Next, the polymerized Matrigel containing suspended cells were
carelilly overlaid with 100uL of 1% FBS supplemented medium, while §00of complete

growth medium (10% FBS) was added to the lower compartment. This genecdtechiaal

gradient via a difference in the concentration of nutrients and chemokines, effectively
stimulating cell invasionhiroughthe porous membran€ells were kept in Boyden chambers

for 24 or 48 hoursKig. 2.7a,0).To c h e c k t-K@in reversirg invasiom fvithdit the
prior 1induct i eviB-231 cellsTwére beededvad described above in 6 cm TC
dishes, starved on the next day, and were treated on the fifth day with two concentrations of
Dm-UKG for 24 hours. Cells were trypsinized at the end of the treatment and seeded in
Transwells as described above for 48 hobig.@2.7c). MDA-MB-231 cells invasiveness was

also examined upon pter e at men't with TGFb for 72 hours
transwels (Fig. 2.7d). Finally, tot e st the prevekKGtoant | @fubedf f ect
invasion, starved A549 cells were treated with increasing concentrations-di-R@ from 2

mM to 8 mM in 2 mM increment®r 72 hoursTGFb was supplemented three hours |adr

the end of the treatment, cells were processed for Boyden chamber(Rigsé/7e). For

U87MG single double knockdownpor Snail knockout cells,5 x 10* cells were directly
resuspendenh 100pL diluted Matrigel (1:10 in 1% FBS containing DMEM) and seeddtie
Transwellsas explained above.

Depending on the condition, 10% and 1% FBS containing medium were either
supplemented witiGFb, 6 mM or SmMM DmUKG, TGFb i n addi tion-to 6 |
UKG, or no treatments, to maintain similar conditions used before trypsinizaftith.the
exception of USMG knockout and knockdown cellssherecells were not treated prior to
seeding in Boyden chambemd no treatment was added in the wells, only a gradient of FBS
was kept between upper and lower compartmémpending on the cell line, after 24 48
hours cells were washed first by replacing the medium in the lower compartmentiiBS,
then fixed aRT for 10minutesin 70% ethanol. Cells were then rehydrated WwiHPBS for 10
minutes The nuclei of both invaded cells (located on the lower side of the porous membrane)
and nuclei ofremainingcells suspended in Matrigel were stained with DAPI (1:1000xin
PBS) in the dark for 1finutes The inserts were then washed for 10ui#sin 1x PBS, after
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which pictures were acquired for the DAPI stainednrinvading nuclei in the upper
compartment using a LEICA BM IL LED inverted fluorescence microscope wioajctive

and with a LEICA DFC420C cameriledium wasthencompletely removed from the lower

and upper compartmen@nd remaining cells in the upper compartment were removed using
cotton swabs. Mmbranes were carteély separated from the insert walls and placed on glass
slides with the lower side facing upwards. A drop of fluorescent mounting medium was placed
on top of the membranes, which were then sealed to the slide with a cover glass. Afterwards,
fluorescent piairesof the lower compartmentere taken witta 4x objective. The number of

DAPI stained upper ahlower cells was quantified usifgji (v.1.53q, https:/Fiji.nih.gov/ij).

Invasion rate was caltated as the mean of the ratio of invaded cells to theama@ding cells.

To select for more invasive cells, MBMB-231 cells mixed with diluted Matrigel matrix were

allowedto invade throughthe8 m por e i ns®r48home mbe laln®e st hat di
the membraneand remained in Matrigel, were collected, washed, then cultured and were
designated as neanvasive (ni). Cells that crossed and were on the lower surface of the
membrane, wereollected by trypsinization,and reapplied to the Boyden chamb&his

procedure has been repeated10 times Cells invading throuly the membrane aft¢ine 10"
roundwerecollected as mentioned above, propagated, and designated as invasive (i10).
Pretreatmentsfor follow-up Boyden chamber assawere done as describebove (Fig.

2.7¢,0).
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Figure 2.7. Experimental setups forthepe-t r e at me nt  w i/ dr B-KGIpGoFt6 maalified
Boyden chamber invasion assay

2.2.1.9. Proliferation assay

To test if UKG influencescell proliferation and viability, a proliferation assay was
conducted. US7MG, A549, and MDNB-231 cells were seededdifferent densities40, 18,
or 13x 10®, respectivelyin 12-well TC plates.On the following day, medium was changed to
1500puL of 1% FBScontaining DMEM. On day three, medium was replaced to 1600%
FBS containingDMEM with or without TGFb treatment (Shg/uL). At defined time points 6
mM or 8 mM Dm-U-KG were added to primcubatednediumcontaining 1% FBSThepH was
setto 7.4,themedium was steriléiltered and500uL of plain, TGFb, or TGFb plus6 or 8mM
Dm-U-KG containing mediunvas added for 72, 48, or 24 ho(iEg. 2.8) In case of 7hours
UKG treatment, medium was added arourub@rs afteim GFb treatment had startéBig. 2.8).
Each condition was performed in three biological replicates per experiment. Experiments were
repeated twiceAt the end of the treatment, cells were trypsinized, collected, and coasted

described in 2.2.1,3without any centrifgation step in between to reduce cell lo$ke
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percentag@nd totalnumberof viable cellswasdeterminedusingthe CASY device The cell
counts of the individual treatment conditions were divided by those of the control and presented

as relative celproliferation

Seed cells
(adherent culture) Start starvation TGFB72h «-KG72h «-KG48h «-KG24h Count

UBTMG, A549, MDA-MB-231 I I I I I I I

0 24 48 51 72 96 120 Time (h)

Figure 2.8. Experi ment al s e t u pKGttreatmérne oneall prolifedation aed f e c t
viability.
2.2.1.10. Measurement of the cellularATP/ADP ratio

96-well white with clear flat bottom plates (Corning, #3903) were coated with 1 pg/mL
Laminin in PBS, and incubated for three to six hours at 37 °C. Wells were washad@ G
cells were seeded in TSM at 1 x*bells per wellwith or withoutT G Ffér 72 hoursandpH-
adjusted DrAJ-KG-containing medium (6 or 8 mM) was added for the last 3 hothe
experiments were performed in three biological replicafes 2.9a). ATP/ADP ratios were
measured by using EnzyLight ADP/ATP Ratio Assay Kit (BioAssay eyst ELDF100),

luminescence was read using TriStar LB 941 microplate reader (Berthold Technoluges).

ATP synthase inhibitor oligomyci-KGtwansentused

duration was deciddahsed ompreliminary experiments and the weltablished rapid negative
i mp a c-KG and oligdmycin on ATP synthase activ{@hin et al. 2014)

2.2.1.11. Measurement of thecellular ATP levels

U87MG, U87MG co and shIDH1 cells were seeded in MMt h or wi t hout
72 hourdn 96-well white with clear flat bottonplates pre-coated with Laminin at 1 x f@ells
per well pH-adjustedm-U-KG-containing mediuni6 or 8 mM) was addefor the last3 hours
(Fig. 2.9b). The xperimens weredone in 34 biological replicates. ATP levels were measured
using the CellTiteiGlo 3D cell viability assay (Promega, G9684ahd lminescence was read
using TriStar LB 941 microplate reader (Berthold Technologies). Protein concentration was
measured afterwards using DC protein assay. ATP levels were normalized to protein

content.The ATP synthase inhibitmligomycinwas used as a positive control.
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Figure 2.9. Experimental setups forATP/ADP and ATP assag.

2.2.2. Working with RNA

2.2.2.1. RNA extraction

Adherent cells were washed with PBI$en scraped and lysed in 3gD RLT+ buffer
(1 mL RLT buffer + 10 uL b-Mercaptoethanol). For seradherent cells such as LLC1, cell
suspension was collecteaind the remaining adherent cells were washed two times with PBS
and collected. Totalatl suspensionvas divided for protein and RNA analysspun down at
1000rpm for 3minutes andcell pellet was then lysed in 3pl RLT+ buffer. For cells grown
undertumorsphereconditions, cell suspension was collectdijjded for protein and RNA
analysis, and centrifugest 1000rpm at 4 °Cfor 3 minutes Cell pellet was alsoyked in 350
puL RLT+ buffer.All cell lysates were directly frozen &0 °C until further processing. RNA
was then extractedsing the RNAeasy Mini Kit,f ol | owi ng t he manufactu
Centrifugations were done using Heraeus Fresco 17 or Heraeus Pico 17 centrifuges (Thermo
Scientific). The optional orcolumn DNase digestion was performed using the RNAse
DNase Set in order to remove residual DNA. RNA concentration was determined by NanoDrop
(Peqglab) photometric measurement at a wavelength of 260Thenquality of RNA was
assessed by measuring the 260/280 and 260/230 absorbancd hatisslated total RNA was
stored at80 °C.

2.2.2.2.  cDNA synthesis
Foll owing the manuMaina t rMeusOFsst $transl tcDNAC t 1 o n
Synthesis Ki}, 1 £ ¢gof RNA was mixed up with LiL of each of oligo (dTisprimer, random
hexamer primer, antl0 mM dNTP mix.The mx wasfilled up to 15uL with DEPGtreated
H20, incubated at 68C for 5 minutesto unfold secondary structures, then cooled down
immediately on ice4 uL of RT buffer in addition to L of Maxima H Minus enzyme mix
were then addepler reactionandthe reaction mix was then incubated formibutesat 25°C

followed by 30 minutes at 50 °C, then 5minutes at 85 °C in a ProFlex PCR System
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thermalcycler (Thermo Fisher Scientifi§amples were then cooled down &C4 For further
analysis, cDNA was diluted 1:10 with 180 of DEPGtreated HO and stored a20°C.

2.2.2.3. RT-gPCR

Analysis ofgene expressicst MRNA level wasachievedyy quantitativeeal timePCR
using the QuantStudio 3 Relime PCR system (Applied Biosystemd$jeactions were
performed in technicdtiplicates with 4 pL corresponding t@0 ngof cDNA, 4 uL of 1€ M
forwardand reverse primers mig0 uL of 2x PowerUp SYBR Green master mand DEPC
treatedH>0 in a total volume of 2QuL. 2x PowerUp SYBR Green master mix constitutes of
the polymerase, dNTPs, buffer, SYBR green ®R@X dye passive reference, as well as Heat
labile UracitDNA GlycosylaseThe routinely used amplification program is presented in Table
2.19. Analysis of relative gene expression was performed usingldhble deltaC; (2%®§
method (Livak and Schmittgen 200,1yvith first calculatingthe difference between target gene
expression level and housekeeping gene (HPRAGIB (b-actin))levels defined by Cycle
threshold (Cy) values, followed by normalizing these differences between experimental
conditions and the respective control sample. Data are presented as normalized fold change of
average from three technical replicatday primer pair used in this study was tested for its
efficiency using a serial dilution of reverse transcribed human refetetatBNA (Stratagene,
#750500) or mouse reference total RNA (Stratagene, #750600y PCR reactions with
efficiency between 90 and 1108ere usedAll primers used in this study are listed in table
26.
Table 2.19. Standard RT-gPCR amplification program using SYBR green

Step Temperature | Time Number of cycles

Uracil-DNA glycosylase | 50°C 2min 1

activation

Initial DenaturationTaq | 95 °C 2 min 1

activation

Denaturation 95 °C 30 sec 45 cycles

Annealing 60 °C 30 sec

Extension 72 °C 35 sec

Denaturation 95 °C 1 min

Annealing/Extension 60 °C 1 min 1

Melt curve/ Dissociation | 95 °C 15 sec 0.1 °C stepwise increase in
temperature

End 4°C hold
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2.2.2.4. Bulk RNA-seq

According to the observed upregulationSsfailin time course experiments described
earlier in section 2.2.1.10. 1, t wo TGFb t i mi
MDA-MB-231, and A549. In specific, 5nginT GFb was added for 48 or
and A549 Fig. 2.10a,b), and for &r 24 hours in MDAMB-231 ig. 2.10c). UB7MG co and
shIDH1 cells were seeded under TSM conditimsg/mL T GFb was added and i
72 hours. Additionally, 6 mM Dr-KG was introduced at two distinct time points: 72 hours;
added 3 hour s arf6thaurs befote harvestingif). 2.8d) G Hdatments were
conducted in 10 cm TC or petri dishddiree biological replicates were prepared for each
condition Cells were harvested, and RNA was extracted using RNeasy Mincafitbined
with on-column DNase digestion to avoid contamination by gD described in section
2.2.2.1 2 uyg RNA in 10puL RNasefree water were prepared and senD&ep sequencing
platform of the Max Planck Institute for Heart and Lung Research, (Bad Nauheim, Germany)
led byDr. Stefan GuntheRNA samples were processed according to the specifications of the
sequencing facilityLibrary preparation integrity waserified with LabChip Gx Touch 24
(Rewity)400 ng of total RNA was wused -geglibramyput f o
Preparation V6 according to the manufacturer
on a NextSeq 500 instrument (lllumina) using v2 chemissylting in an average 88.3M
reads per library, with a1 75 bp single end setup. The resulting raw reads were assessed for
quality, adapter content and duplication rates with Fasif@@momatic v.0.39 was used to
trim reads after a quality drop below a mean of Q15 in a winddwenucleotides, keeping
only filtered reads longer than 15 nucleotide. Reads were aligned against the Ens®anl
genome with STAR.The number of reads aligning to genes were counted using the
FeatureCountérom the Subread packag€&he reads that were admitted and aggregated per
gene were the ones that mapped at least partially inside exons. Reads that were overlapping
multiple genes or aligning to multiple regions were exclud@fferentially expressed genes
(DEG) were identified using DESeqZene were classified as significantly differentially
expressed at average count greater than five, multiple téstigg 0. 05 an dxfoid0. 585
c hange The annofaobd was enriched with UniProt data based on Ensembl gene

identifiers.

88



Seed cells
(3D culture) TGFB72h TGFp48h Harvest RNA analysis

UB7MG I I i I
0 24 48 96 Time (h)
b
Seed cells
(adherent culture) Start starvation TGFB72h TGFp48h Harvest RNA analysis
A549 | | | | |
| | | I |
0 24 48 72 120 Time (h)
Cc
Seed cells
(adherent culture) Start starvation TGFp24h TGFB6h Harvest RNA analysis
MDA-MB-231 I { I } {
0 24 96 114 120 Time (h)
d
Seed cells
(3D culture) TGFE72h a-KG72h a-KG 6 h Harvest RNA analysis
U87MG Co and shIDH1 } I I i I
0 3 6 69 75 Time (h)

Figure 2.10. Experimental setups for the teatments of cells subjected toRNA-seganalyses

2.2.3. Working with protein s- western blotting

2.2.3.1.  Cell lysis and potein extraction

To prepare protein extracts fromdherent cells grown in 1dn TC dishescells were
washed once withXIPBS, then they were scrapefflthe dishusing a cell scraper (TPP Techno
PlasticProducts AG, Switzerland) with an appropriate amount of loaléipsis buffer(usually
between 8aL20 L depending on cell confluencd-or semiadherent cells, and cells grown
under sphere conditions, cell suspension was collected, and dividesitubes transferred on
ice immediatelycentrifuged at2500 rpm for 1 minuteat 4°C. After aspiration of supernatant,
onecell pelletwasprocessed for RNAas described in section 2.2.2ahidthe other cell pellet
for proteinextraction and subsequent analy<asl pelletsintended for protein analysis were
typically resuspended in 1Q6L of Laemmli lysis buffer Higheramounts of Laemli buffer
(350 uL) were usedor the densetLC1 cells. Cell lysates were then collected in It
Eppendorf tubeslhelysates were first heated at 95 °C for 5 minutes, then sonicated-6fr 30
seconds, at 90% amplitude with 0.5 seconds pulse (Bandelin elecoorfier, Germany to

shear genomic DNAProtein lysates were stored-a0 °C until further use.
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2.2.3.2. Determination of protein concentration

Protein concentration was determined using the colorimetric DC Protein Assay
Reagents Package two-step reactions which lead to color developmbased on the Lowry
method(Lowry et al. 1951)The alkaline copper tartrate solution (Reagent A), the diluted Folin
Reagent (Reagent B) and Reagent S were prepal
25 pL of the mixture of reagemd and S(20 pL of reagent S in 1000L of reagentA), were
added to the sample (B of protein lysate) and combined with 200 of reagent B in a 96
well plate(Greiner, #655101 After agentle agitatiorof the plateo mix the reagentshe plate
was incubatedfor 15 minutes at RT, then the absorbance was measured at 750 nm in a
microplate readgiBerthold TechnologigsEachsample was measured in duplicatesemmli
buffer withoutbromophenoblue wasused as dlankmeasuremeni he protein concentration

was determined using a calibration cucadoulatedwith increasing concentrations BEA.

2.2.3.3.  Sample preparation
To prepare samples for immunoblottiagd load equal amounts in equal volumes for
all samples30 to 80e pof total protein was mixed withx4Sample Buffer andilled up to a
final volume of 20uL usingLaenmli buffer. Samples were heated at @5 for 5 minutesto

reduce viscosity and denature any remaining mgkecular weight DNA

2.2.3.4.  Western Blot and SodiumDodecytSulfate-PolyAcrylamide Gel
Electrophoresis (S-PAGE)

The denatured proteins were separated according to their size usiHg/SEES Here,
addition of SDS renders the proteins identically charged per unit mass, which enables the size
dependent separatioRepending on the size of the proteins beinglyzed8%/ 12% or 8%/

15% (upper/lower halfseparating gels, or 12% separatingsgetre prepared. Samplesere

loaded onto thgel in aMini-PROTEAN 3 system (BiRad Laboratories) and run initially at

a voltage (V) of80 V, and then 1130V after the proteia crossed the 4% stacking gel.

Separated proteins were transferred to 0.45

Scientific, #88518) at25mA per blot using the Wédilot Mini-PROTEAN 3 system (Bidrad)

for two hoursMembranes were then incubated fdrauratRT in the 5% milk blocking buffer

to prevent unspecific antibody binding under continuous shaking. Next, membranes were cut

according to the size of the proteins of interest and incubated overnightCatwwth the

designated primary antibody diluted in the blocking buffext day,the blotswere rinsed 3

times (15 minutes each) PBSTwashing buffer to remove unbound antibodies and incubated

for 1 hour at RT with the appropriate secondary HiBnjugated antibody diluted in blocking

buffer. To detect prote bands, after three times washing with washing buffer and once with
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1x PBS, chemiluminesceuletectionwasperformedby incubating the membranes for up to 3
minuteswith the signal developing solution of tE#CL Western Blotting Detection System,

ECL plus Systenor 9:1 mixture of SuperSignal West Pico PLUS Chemiluminescent Substrate
and Super Signal West Femto Maxim@&@®nsitivitySubstrate, depending on the abundance of

the protein and peroxidase activity of the secondary antibody. The membrane was placed into
a developing cassette and the luminescent sigmnafe thendetected with an Xay film
(Thermo Scientific #34089 with exposure times d second to 1 hour, depending on the

signal strength.

2.2.3.5.  Stripping of western blot membranes
To detect another protein in the same western blot membrane, membranes were stripped
of bound antibodies thugh incubation in the stripping buffer for two timeach fol30 minutes
atRT while shaking. Afterwards, membranes were washed three times for 10 minutes in PBST
washing bufferto remove the acidic buffer. Then, membranes were blocked with blocking
buffer for at least one hour again and probed with the next primary antiboeyprocedure

was continued as described above.
2.2.4. Working with proteins - immunofluorescence

2.2.4.1. Immunofluorescenceanalysis ofSnail protein

To assess the eKd teatrhentodiSnaillGBlibatioa and sigdal,
immunofluorescence stainingas applied8 x 1¢ A549 or US7MG, or 7 x 10MDA-MB-231
cells were seeded onto sterile cover slips w2l TC plate and medium starvation started on
the second day, by replacing existing medium with 5% FBS DMEBMthe third dayA549
and US7MG were treated with G Ffbr 72 toursandincreasing concentrations GfKG for
the last24 hours(Fig. 2.11a). While MDA-MB-2 31 cel |l s were treated
and increasi ng -K6dontheelast6 hoars(Figp 2ldb). Shorterltreatments
exposure in MDAMB-231 was dependent on theG Fthme points wherSnailmRNA and
protein expression levelvere induced the mogit the end of the treatmerdells were washed
once with X PBS and incubated with 4% PFART for 10 minutes Next, cells were washed
three times with £ PBS,andpermeabilized with 0.3%riton X-100in PBS for 15minutes
Coverslips were then placed on parafilm, and the following stainingwegpperformed Cells
were blocked in Blocking buffeflx PBS / 5% NGS / 1% BSA / 0.1%riton X-100) for 1
hour, followed by incubation witlthe primary antibody(RatantiSnail 1:100 dilutior) in the
antibodydilution bufferovernight at #C in a humidified chamber. Next day, coverslips were
washed 3times with washing buffer, followed by incubation with fluorophoomjugated

secondary antibodyGoat antirat AlexaFluor 4881:200Q dilutedin theantibodydilution buffer
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atRT in the dark for Thour. After 3 times washes with washing buffer, once with PBS, nuclei
were stained witlDAPI (1:3000in 1x PBS) for 10 minutesat RT, followed by three final
washing steps with washing buffer, once with PBS, and once i®.dAnally, a drop of
fluorescent mounting medium was placed on the coverslips and they were embedded on
microscope slidedAt least 10 magesper conditionwere taken usingieicaDMi8 S inverted
microscopeat 40< magnification and LAS X softwareQuantification ofluorescence intensity
wasperformedusingtheFiji software DAPI staining (blue channel) was used to credtimary
image, and nuclei were then definedRegionsof interest (ROIs). These ROIs were then
applied to the green channel whesmalil fluorescent signalintensities were measured.
Corrected total nucleus fluorescence (CTNF) wasutaled based on the following fouha:
CTNF = Integrated Density (Area of selectediucleusx Mean fluorescence of background
readings) Integrated density and area ameasurements selected from Analyze menu > Set
measurements.

Change medium
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| [ | | |
0 24 48 96 120 Time (h)
b
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Seed cells Start starvation to -/+ TGFf} 24 h u-KG 6 h Process Immunofluorescence
MDA-MB-231 I I I { I
0 24 96 114 120 Time (h)

Figure 2.11. Experimental setups for immunofluorescenceanalysesof Snalil.

2.2.4.2.  Immunofluorescenceanalysis of Vimentin protein
Cells were seeded and starved as described in the previous section. Next, cells were

treaedwith 5 ngmL T GF b ingreading concentrations 0fKG (6 mM and 8mM) for 72
hours(Fig. 2.12). After the end of the treatmentells were washed once wittk PBS and
incubated with 4% PFA &T for 10 minutes Next, cells were washed three times witk 1
PBS, permeabilized with D% Triton X-100in PBS for Sminutes washed 3 times with PBS,
then incubated ir100% methanol for 20minutesat -20 °C, followed by incubation in 50%
methanol for Sminutesat 4 °C. Methanol waghenreplaced with PBS anthe cells were
incubated aRT for 15minutesfor rehydrationCoverslips were then placed on parafilm, and
the following staining steps were performézlls were blocked in Blocking buffer (1x PBS /
5% NGS / 1% BSA / 0.1%riton X-100) for 1 hour, followed by incubation witlthe primary
antibody (nouse antvimentin 1:500 dilution) in the antibody dilution buffer overnight &C1
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in a humidified chamber. Next day, coverslips were washed 3 times with washing buffer,
followed by incubation with fluorophoreonjugated secondary antibody (Goat amibuse
AlexaFluor 568 1:200Q diluted in the antibody dilution buffer &T in the dark for lhour.

After 3 times washes with washing buffer, once with PBS, nuclei were staine®MRhfor

10 minutesat RT, followed by three final washing steps with washing buffer, once with PBS,
and once in dkD. Finally, a drop of fluorescent mounting mediwas placed on the coverslips
and they were embedded on microscope slidesund 10 images per condition were taken
using Leicausing Leica DM8 S inverted microscopat 40x magnification and LAS X
software Quantification of fluorescence intensity wpsrformedusing Fiji software Red
channelwas used to createbinary imageand single cellsveredefined as ROIsThese ROIs

were then applied again to the red channel where vimentin fluorescentistgnalties were
measured Corrected total cell fluorescence (CKF) was calalated based on the following
formula:

CTCF = Integrated Density (Area of selected celk Mean fluorescence of background
readings) Integrated density and area are measurements selected from Analyze menu > Set

measurements.

Change medium
Seed cells Start starvation to -/+ TGFB 72 h a-KG 72 h Process Immunofluorescence

MDA-MB-231, A549 I I I I I

0 24 48 48 120 Time (h)

Figure 2.12. Experimental setups for immunofluorescenceanalysis of Vimentin

2.2.4.3. Immunofluorescenceanalysis of Ecadherin protein

After treatment with 5 ngAL T GFfbr 96 loursand 1 ncr easi ng- conce.l
KG (6 mM and 8mM) for 72 tours under 2% FBS containing mediuid. 2.13), cells were
washed once witthx PBS and incubated with 4% PFART for 10 minutes Next, cells were
washed three times withx PBS, permeabilized with 0.1%iton X-100in PBS for 15minutes
Coverslips were then placed on parafilm, and the following staining steps were perfoeted
were blocked in Blocking buffeflé PBS / 4% NGS / 2% BSA / 0.1%iton X-100) for 1 hour,
followed by incubation witlthe primary antibodyfiouse antkE-cadherin,1:50 dilution) in the
blocking buffer overnight at 4C in a humidified chamber. Next day, coverslips were washed
3 times with washing buffer, followed by incubation with fluorophooajugated secondary
antibody (Goat anmtmouseAlexaFluor 488 1:2M) diluted in the blocking buffer &T in the

dark for 1hour. After 3 times washes with washing buffer, once with PBS, nuclei were stained
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with DAPI for 10 minutesat RT, followed by three final washing steps with washing buffer,
once with PBS, and once in dBl. Finally, a drop of fluorescent mounting medium was placed
on the coverslips and they were embedded on microscope. #lide=sast5-10 images per
condition were taken using Leica D8/S invertedmicroscope at 40 magnification and LAS

X software Experiment was conducted once. No quantification was possible, due to lack of

control cellulaiTmembraneamarker

Change medium
Seed cells Start starvation to -/+ TGFp 96 h a-KG 72 h Process Immunofluorescence

A549 | | | | |
| | | | |

0 24 48 72 144 Time (h)

Figure 2.13. Experimental setups for immunofluorescenceanalysis of Ecadherin.

2.2.5. Flow cytometry

Upon72 hoursT GF b &6 tleatientsinder starvationA549 and MDAMB-231
VIM-RFP cells were dissociated inéosinglecell suspension bgccutasdreatment for 15
minutes at 37 °C. Cells were stained with SYTOX Blue (Invitrogen, #CD3iBBj2nucleic
acid stain to gate out dead cells. Flow cytometry was performed asdiogy spectral cell
analyzer BD Biosciencep Four biologicalreplicatesvere measured for each conditidata
were analyzed using FlowJo v7/9 (Tree Star) by gating for live cells based on SYTOX staining,
forward and side scatter gates wased to discriminate doublets and debris, followed by gating
for RFP positive populations.

To evaluate the tumor microenvironment labeling ability of-sh®herryi expressing
tumorcellsin vivo, Fluorescenc@activated cell sorting (FACS) was employ®drental LLC1
cells, LLC1 pCDHB3, LLC1 sLPmCherry, and doublabeled LLC1 cells were used to
establish fluorescendeased gating parameteusing BD FACSMelody cell sortel LC1
parental cells treated with 100% ethanol were stained with DRA®TInvitrogen, #D15106)
to exclude notviable cells. A singlecell suspension of digested and dissociated tumor tissue
was analyzed by flow cytometry. Cells were first gated for viability based on DRAQ7
exclusion, followed by forward and side scatter to eliminate doublets and debris. mCherry
positive populations were then identified, and further gating distinguishedpGdittve /

mCherrypositive tumor cells from GFRegativel mCherrypositive stromal cells.
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2.2.6. Working with bacteria
2.2.6.1. Preparation of LB medium and LB agar plates

LB medium and LB agar were prepared using distilled water as recommended by the
manufacturer, and as described in the materials seztloh4.1 The mixtures were sterilized
by autoclavingat 121 °C under 2@ounds per square incpgf) for around 30 miates After
cooling down to approximately 5TC, ampicillin was added to a final concentration of 100
¢ gnL. LB agar was poured into 10 cm Petri dishes under the sterile Atiedsolidification,
the platesvereeitherdirectly used or stored at°€ for up to 4 weeksLB medium was also
stored at 4°C.

2.2.6.2. Bacterial transformation

Transformatiorof plasmid DNA was carried out ladding5 L of aligation reaction
to50uL chemically competer@tbl3E. coli. The tubes were flicked several times and incubated
for 30 minutes on ice. Heat shock (42 °C) was applied to the bacteria for 45 seconds.
Subsequently, bacteria were incubated on ice for two minutesuR5df S.O.C. medium
(Gibco, #15544034)was added to the transformed cells, and cells were incubated in a 37 °C
heat blockwith continuous shakingt 800 rprfor up to one hourl00-200pL of the bacterial
culture was streaked onto LB agar plates containing the appropriate amount of antibiotics and
incubated at 37 °C overnight. As a positive control for ligation, bacteria were transformed with

theemptyvectorplasmid DNA

2.2.6.3. Inoculation of liquid culture
Single bacterial colonies were picked and transferrechi. ®f LB medium containing
the appropriate antibiotic¥hese liquid altures were incubated at 37 %Gth shakingat 225
rom overnight in a Mliltitron Incubator Shaker (Infors AG, Switzerland). They were
subsequently used for smaltale plasmid purification, the inalation of largescale altures
or preparation of glycerol stock&lass and metal surfaces were sterilized using a Bunsen
burner
2.2.6.4. Preparation of glycerol stocks
For longterm storage of the plasmidcontaining bacteria, glycerol
stocks of Dbacterial suspensgon were prepared by mixing 500 pL
autoclaved 60% glycerol prepared in LB medium, and 50QL of the liquid

cultures.Glycerolstocks were stored &80 °C.
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2.2.7. Working with DNA

2.2.7.1.  Chromatin immunoprecipitation (ChIP)

In total, 6 I  *LMDA-MB-231 cells were seedguer 15 cmTC dishes(Sarstedt,
83.3903, under adherent conditiomdT GF b wa s trethiddelay foo72 hourgFig.
2.14a). 2i2 . 5 ®W87M@co and shIDH1 cells were seeded in 15 cm petri diSastedt
82.1184.500 undertumorsphere ondi t i ons. TGFb treat ment st at
and6 mM UKG was supplemented three hours later for 72 h(kits 2.14b). At the end of
treatmentproteinsbound to DNA were crosiinked with 1%ChIP-gradeformaldehyde added
directly to the medium. Aftes minutesincubation aRT, glycine with a final concentration of
0.1Mwas add e dtestostop ctosdimkingy Plates were rocked manually during this
time. Then, cells were collected by scraping @edtrifugedat 180 xg for 5 minutesat4 .A C
Next, cells were resuspended and washed wtaote PBScontainng 0.5uM p-APMSF and
centrifuged againCell pellets were shock frozen in liquid nitrogen, and store8GtC.Four
plates ofU87MG cells were lysedith sonification beads (Diagenode, C01020081) mL
ChIP lysis bufferto which0.5 pM PMSFand0.15< Roche protease inhibit@ocktail were
added freshlyChromatin was sheared for 28 cycles 30 seconds on/ 30secorad€ Gftusing
theBioruptor Pico (Diagenodelevice In the case d¥IDA-MB-231cells, each plateaslysed
for 5 minutes aRT, then 5 minutes on ica 900 uL of ChIP lysis buffemwith freshly added
0.5 uM PMSF and 0.15x% Roche protease inhibitor cocktailo@atin was sheared for 5 cycles
20 seconds on/ 38econds off using Bioruptor Pico at 4C. Lysates were cleared by
centrifugation at min&es.Boddetermimatican bf DMA cAnCentfation, 1 5
2QULof sheared | ysatuypeTwalsufdf ¢ ut iemLdRMasah\iAftel 0 D0 ¢ ¢
30 utgsant 37 PIACTH ot3ei8n as d) akd 14635DS wag ddded and incubated
f orouBath 37 AC foll owed by o vwmsahdftherdsslirkingc ubat i
Samples were resuspende®#0puL NTB buffer from the NucleoSpiGel and PCR Clean
UpKtand DNA was purified according to the mail
wi t luL éufion buffer6 mM T r i) and goridenBatiadh was determined by NanoDrop.
Forthe IP reactionghe following antibody amounts weaglded to precleardgisate volumes
equi val ent t 2t ginGH3KATach O abt®HBK4Me32 & g-H3K2VnE3,
and2 &@.Thevol ume was aud yith §isdbulffer Next, 18 @f a protein
A/G sepharose mixture,peequi | i brated i n ChIl P diyloiGhiPon buf
dilution buffer, and mixed with the samples and antibodies, and were incubated at 4 °C while
rotating overnightNext day,thebeads were collected by centrifugation, washed once in ChIP
low salt buffer, once in ChIP high salt buffer, once in ChIP LiCl buffer, and twice in ChiP TE
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buf f er ufeveachvbile mtatingat 4 AC. Beads wer epdTEnal |y
buffer i nc L RNaseA.dn pardlel, /g0 vatume of the initial lysate (10% input
sampl es) were treat atdsad c 87 rudNiCma@tBe i8n A d)ek BDO

and 1% SDS were added and both input and immunoprecipftateionswere incubated for

at | easmt B37h AC foll owed by o vversahafcgdslinking.nc ub at
DNA was purified using the NucleoSfiGel and PCR CleaiUp Kit. DNA was eluted with
5 QL elution bufferand st ored at T 2 Regidrs of uhe géndmedreu r t h e r

determined by previoustudies(Smith et al. 2009; Zhang et al. 2013; Zhu et al. 20d8)well

as t he UanSrack JASRAR RORQ transcription factor binding site database. Selected
regionswere analyzedby realtime gPCR usingthe QuantStudio 3 Realime PCR systemn

using primersinTable2The r eact i on L of ChiProeinpet DNAt(clluted e d 2
1:10 to represent 1% of input DNAJ,uL of 1 uM of specific primermix a n d pL1o©
PowerUp SYBR Green master mixn a t ot alpL.WPGR aycteaare delscrib2din
Table 220. Calculation of enrichment by immunoprecipitation relative to the signals obtained
for 1% input DNA was performed based on the percent input method. In brief, input is adjusted
to 100% by subtracting log2 of 100 or 6.644 from the input Ct value. Then % (If)us
calculated based on the following equation: 1@ (Adjusted input Ct (IP)), where Ct(IP) is

the Ct value of the antibodies of interest in each sample.

a

Seed cells

(adherent culture) Start starvation TGFB 72 h Fixation and crosslinking ChIP
MDA-MB-231 I } { I
0 24 48 120 Time (h)
b
Seed cells
(3D culture) TGFR72h o-KG72h Fixation and crosslinking ChlIP
USTMG | | | |
[ [ [ [
0 3 6 75 Time (h)

Figure 2.14. Experimental setupsfor ChIP -gPCR analyses

Table 2.20. Standard ChIP-gPCR amplification program using SYBR green

Step Temperature Time Number of cycles
Uracil-DNA glycosylase activation 50 °C 2 min 1

Initial Denaturation, Taq activatior] 95 °C 2 min 1

Denaturation 95 °C 1 sec 50 cycles
Annealing/extension 60 °C 30 sec

Denaturation 95°C 15 sec 1
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Annealing/extension 60 °C 1 min

Melt curve/ Dissociation 95 °C 15sec | 0.1 °C stepwise
increase in
temperature

End 4°C hold

2.2.7.2.  Genomic DNA isolation
Genomic DNA was extracted from cells usiAgreLink genomic DNA mini kitG55
cellsfrom a 70% conflueritO cmTC dish were harvested thugh trypsinization and processed

according to the manufactureroés instructions

2.2.7.3.  Plasmid DNA isolation
To isolate plasmidDNA from bacteria, different kits were used depending on the
experimental need. For smaltale plasmid DNA purification used for determining the
sequence of the plasmids, 4 tm& of starter liquid alture was processed with the DMNIN
Plasmid DNA Purification Ktaccor ding to the mé&anlagescale ur er 6
plasmid purification, the starter liquidilture was incubated in up to 2@fL of LB medium
with the appropriate antibiotics overnight, and the PureLink HiPure Plasmid Maxiprep Kit was

then used according to the manufacturerdés pr

2.2.7.4. Plasmid DNA sequencing
To verify the correct sequences of plasmids, plasmid DNA were sent for sequencing
Microsynth AG (Switzerland) according to the requirements set bygehdce provider. In
general 1 ¢ gof DNA in 12 pL of TE buffer were sent for sequencing in caseilable
sequencing primers at Microsynth. Alternatively, for specific primer sequengexf3l0e M

primer was added to the DNA sample.

2.2.7.5. PCR cloning

To have an extende8INAI1 gene promoter sequence for DLR assdych includes
transcription starting site (TSSyhusion higkidelity DNA polymerase was used to amplify
the fragments of interest041 bp to +38 bp ahe SNAI1 promoter sequendeom genomic
DNA of G55 cells using primers listed iffable2.8. A 50 pL reactionmix contained.5 pL
Phusion polymerase, 1. 5% Phusion green HF buffer . of 10mM dNTPs, 1.5uL DMSO,
25uL o f each forward and r e vtecatedevatgTtheayoting ( 10
program isshownin Table2.21.

Table 2.21. Amplification program for SNAI1 promoter
Step temperature time Number of cycles
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Initial denaturation 98 °C 30 sec 1
Denaturation 98 °C 10 sec 35
Annealing 62 °C 30 sec
Extension 72 °C 30 sec

Final extension 72 °C 10 min 1

2.2.7.6. Restriction digestion

To clone the desired insert into a vector, namely partial sequenceblAlfl gene
promoter used foDLR assay/first a pGL2 vector encompassing SNAI1 promoter sequence
(Fujita et al. 2003and the pGLaasic vector were digestedth Hindlll and Kpnl. The 4QuL
reaction mix consisted of&2 @f plasmid DNA, 1& Tango buffer, and 16L of both Kpnl and
Hindlll, andnucleasdreewaterand itwas incubated at 3C for four hoursin order to create
pGL3-Snai#2, up to 200 ng of the desired amplified and-eye¢tactedSNAI1 promoter
sequence was mixed withp@ of 10x FastDigest Green Buffer, andul each of FastDigest
Mlul and FastDigest X, and filled up to 3QuL with nucleasdree water, incubated at 37 °C
for 20 minutes Heat inactivation was used to stop the reaction &C8@r 20minutes.Double
digestions were usually conducted as recommended on the following website.

https://www.thermofisher.com/de/de/home/brands/thesmientific/molecular

biology/thermescientificrestrictionmodifying-enzymes/restricticienzymeshermao

scientific.html

2.2.7.7.  Agarose gel electrophoresis

For separation and analysis of DNA afteromatin decrosslinking?CR amplification,
or doubledigestion agarose gel electrophoresis was used. Depending on the size of the DNA
fragments0.8-2% gels were casted. The appropriate amount of agdfb8eto 2g)was
dissolved in100 mL 1x TAE through boiling in a microwave. Volumeavas adjusted to the
respective gel trayl pL of 10 mg/mLSYBR Safe DNA gel staisolutionwasadded to allow
detection of DNA bands under UV light, and the gel was poured into the gel tray. The gel was
left to solidify for at least 30 mintes 6x gel loading dye waadded to the samplashich were
then loaded onto the gel placed i@ electrophoresis chamber (Thermo Fisher Scientific)
filled with 1x TAE buffer. AppropriateDNA laddes were usedo determine DNA fragment
lengths. The electrophoregian for about 40 minutes a20V. Afterwards, the DNA was
visualized using a blue/green lightjuippedFastGene FAY imaging system (NIPPON
Genetics EUROPE).
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2.2.7.8. Gel extraction of DNA fragments from agarose gels
If elution of the DNA was desired, the correct DNA fragments were excised using a
clean scalpel. The gel slices were transferred to a 2 mL microcentrifuge tube and st20ed at
°C until further useThe recovery of DNA from gel slices was performed using the Monarch
DNA gel extraction kit according to the mant
10 uL DNA elution buffer.

2.2.7.9. Determination of DNA concentration
DNA concentration and quality were measured on a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific). For determination of DNA concentration, the absorbance at 260 nm
was measured. To assess the purity of the DNA sample, the ratio of absorbance at 260 nm and
280 nmvs. 230 nmwas calclated. A clean and pure DNA preparationddchave &260/280
ratio ofaroundl.8and a 260/230 ratio of around 2@®.

2.2.7.10. Ligation
For ligation reaction] pL of around20 ng of pGL3-basiclinearized vector5 pL of
insert(purified extracted DNA)1 pL of 10x T4 DNA ligasebuffer,and0.5 uL of T4 DNA
ligasewere mixed and filled up t0 puL with DEPGwater in a sterile 1.61L tube. The reaction

was performed &RT for 1 hou.

2.2.8. Animal experiments

Animal experiments were approved by the veterinary department of the reggpanail
in Darmstadt, Germanf¥ 54 - 19 ¢ 20/15 FR/1018. All experiments were performed @8
weekold female C57BL/6 or NMRI nu/nu mic€harlesRiver) that were kept in a specific
pathogerree animal facility according to the institutional guidelines

2.2.8.1.  Subcutaneous models
Prior to the injection of tumor cells, animals were anesthetized with ketamine and
Xyl azine anesthesia mix. For transplantati on
1P LLC1 cells per animal were injected subcutaneously into the right flaG%®BL/6 mice.
5 x 1 H2030 cells were resuspended in 100 pL of 1:1 PB&atrigel mix and injected
subcutaneously into the right flank of NMRI nu/nu mice

2.2.8.2. Tumor growth measurement
To estimate tumor volume, measurements of subcutaneous tumors were taken twice
weekly with a caliper, and the volume calculated according to the following formula: Volume
= (Length x WidtR)/2. Mice were maintained until the tumor exceeded a volume of 2060 mm
or upon the onset of morbidity symptoms (>20% weight loss, or tumor ulceration). Primary

tumors were isolated and fixed at 4% PFA for 24 hours. Wounds were closed with application
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of surgical Michel clips (FST, 1204@1). In the postoperative periodnimals were
administered analgesia (5 mg/kg of Rimadyl, Zoetis) directly after operation and 24 hours later
to relieve painAnimals were kept for another 8 weeks to check for lung metastasis. When no
metastasigvasformed, mice were scarified by deep anesthesia followed by cervical dislocation.
The mice were processed at the same time point, whenever it is possible
2.2.8.3. Intravenous models
Prior to the injection of tumor cells, animals were anesthetized with ketamine and
xylazine anesthesia mix, mice were placed in a plastic restrainer, and tails were warmed by
incubating in warm water for 1 minute, to promote vasodilation. For intravenous
transplantation, 100 &L o#ft5xtiBun®ior26e816H2030uspens
cells per animal were injected into the distal end of the tail ve@5dBL/6 or NMRI nu/nu
mice, respectively
2.2.8.4. In vivo bioluminescence imaging
In vivo bioluminescence imaging (BLI) of the LL@f#ansplanted mice was performed
with the help of the Lumina Ih vivoimaging system (IVIS Lumina Il, PerkinElmer). In brief,
animals were imaged under general anesthesia with isofluraB%)(ladministered via an
inhalational anesthesia system (PerkinElmer). For detectian wivo bioluminescence, 8
minutes prior to image acquisition mice were given a solution-loiciPerin by intraperitoneal
injection at 150 mg/kg. Image analysis was done using thendlmage 4.2 software
(PerkinElmey.
2.2.8.5.  Tissue dissociation and sample preparation
To determine if cancer cells expressing shEherry construct were able to label
surrounding cells in the tumor microenvironment, mice were sacrificed, lungs were excised
after intracardiac perfusion with 1x PBS to remove blood from the circulatory system, and
tumors were minced with scissors onicelx digestion buffer, diluted by serdiree RPMI.
The minced tumor fragments were then digested at 37 °C for 30 minutes, with continuous
mixing every 5 minutes, then passed through an Rpe&moi st ened 70 &m
SmartStrainer (Miltenyi Biotec#130-098462). Remaining tumor aggregates were smashed
mechanically using a 2.5 mL syringe plunger. The cells were washed with washing buffer,
centrifuged at 1500 rpm for 5 mites at 4 °C, and supernatant was discaréestl blood cells
were lysed with 3 mL RBC lysis buffer for 3 mitesat RT, and then washed wit10 mL
RPMI filtered through 70 em MACS Smart Str a
resuspended in FACS buffer (1x PBS, 0.5% BSA, 2,5M EDTA), and processed as described in

section 2.2.5.
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2.2.9. Bioinformatic analysis

Correlations between patient survival, molecular GBM subtype (mesenchymal), and
SNAI1 or IDH1 mRNA expression were determined through analysis ot #meer Genome
Atlas (TCGA) GBM database, which is available through GlioVis webserver
(http://gliovis.bioinfo.cnio.ef using optimal cutoffThe correlation betweeBNAIL or IDH1

MRNA levek and overall survival wsevaluated with the Cox proportional hazards regression

model, using the Kapl@aMeier plotter(KM -plotter) website fittps://kmplot.com/analysisin

breast cancer with positive lymph node metastasis, and in lung adenocardinogevaluate

the combinatorial effect oBNAI1 and IDH1 expression on patient survival, datasets were
obtained from KMplotter for breast cancer patients with lymph node positive metastasis and
for lung adenocarcinoma. The datasets were manually stratified into two groups: (1) IDH1 high
/ SNAI1 low and (2) IDH1 low /SNAI1 high. Stratification was performed by first dividing
patients based on IDH1 expression (high or low), followed by further subdivision according to
SNAIL1 expression levels (high or low). Time until censoring or death in days were plotted
against event, which could be either 1, which is equivalent to dea&dhyhere the subject was

insteadcensoredt this time.

2.2.10Visualization of sequencingdata

To assess the binding of transcription factwiMyc and HIFs (HIFL U, -2HX1,F- HI F
1b) to the SNAI 1 pr o meeqdatasets warerdtrieved frpm thevNCBII a b |
Gene Expression Omnibus (GEO) repository. The search was refined to includeeGhlP
experiments specific to Myc or HIF family menmbén cancer cells, with a particular focus on
BigWig-formatted files, which allow efficient upload on UCSC genome browser in a later step.
The retrieved BigWig files were initially examined using thee¢gmated Genome Browser
(IGB) to assess the presence or absence of transcription factor binding signals over the promoter
and gene body region of SNAI1 using the human genome assembly (hg38). Subsequently,
selected BigWig datasets were uploaded to the @alak platform [ittps://usegalaxy.orpto

generate publicly accessible URLs. These URLs were then imported into the UCSC Genome
Browser by creating custom tracks. This approach enabled direct comparison of transcription
factor binding profiles across the SNAIL locus from various canceiireedl. lin addition to the

userd ef i ned cust om t-maENKGDE reguattolQ Grack foruhistone
modifications, such as H3K4me3 and H3K27ac, was used to provide epigenetic regulation
information at the SNAI1 promoteHigh resolution screenstebf the ChiRseq alignment
results alongside regulatory annotations of SNAI1 gene were captured using UCSC genome

browser view and export tools.
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2.2.11 Statistical analysis

All statistical analyses were performed using GraphPad Prism software. Statistical
significance was calculated by twoa i | e d u n p &testse cheway Anava&followed
by post hoc analysis using Dun@RtO058P< Tukey
0.01;**P< 0. 001) . Detection of mathemati cal out
in GraphPad. At least two to three independent replicates were performed with similay results
unless stated otherwideata are presented as mearssahdard error of mea{fSEM), unless
otherwise specifiedStatistical significance in Kaplakleier survival plots was assessed with
log-rank Rvalues obtained from the KM plottézlioVis websites orusing theGraphPad Prism
software
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3. Results

3.1. Snailis the sole EMT transcription factor consistently and highly upregulated by
TGFb across brain, breast and lung tumor

To invest i g&6 m regukating EMT larel ingagion thduced by either hypoxia or
TGFb in shlIDH1 cells, we first revisited the
To this end, bulk RNAseq was performed on U87MG glioblastoma, MDWB-231 breast
carcinoma, and A549 | ung adenocarcinoma cell
i ndicated on Fig 3.1. These t i nteurspexperinhest wer e
conducted on the same cell lines (data not shown, se@.Eifor experimental setup). Two
time points were chosen according to the highest inductiddN#l1, as increase®NAI1
|l evel s were observed wepletad cadlgig.A.9)(BograiSadelint i n
2018) Notably, among the EMT regulators listed in the PMT genésesy et al. 2016)and
the EMT transcription factors consensually defined by Lambert and Weigg&g)and Yang
et al. (2020) SNAI1 was strongly and robustly upregulated across all three cancer cell lines
(Fig. 3.1a). This observation was further validated byd®RCR (Fig. 3.1b), showing an over
fifty -fold, two-fold, and almost twelwéold increase itSNAILt r anscr i pt | evel s f
stimulation in UB7TMG, MDAMB-231, and A549, respectively. Interestingly, none of the PMT
TFs were upregulated, whereas PRRX1 and FOXC1 showed increased expression following
TGFb trealgt metB87MG (Fi g. 3.1a). A TGFb ti me
LLC1 mouse Lewis lung carcinoma cells showed a comparable pattern of core EMT TF
i nducti on. After TGFb treat ment, spémli fical
expression exceeded that of other EMT transiorgfactors both at the protein level (Fig. 3.1c)
and at the mRNA level (Fig. 3.1d). This was followed by a subsequent downregulation of
epithelial marker @hl (Ecadherin) a direct transcriptional target &nail at6 hours, and
peaking of the mesenchymal marketh2 (N-cadherin)quickly at3 hours (Fig. 3.1d). Other
core EMT TFs were either not consistently upregulated across the different cell lines or were
not i nduced upon T GHbesetraswdtasuppetaatlier pbsarvgtions®. 1 a, d
our laboratory (Fig. B) (BogurciSeidel 2018)emphasizing the role &nailas a master EMT
regulator in the three cancer types, prmmptedu s t o e x pl or e-KGdndSndil i nk b e
in greater depth.
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Figure3.1.T GF b st i imuehsasSraidevelin different cancer cell typesa. Heatmap derived
from bulk RNA-seq depicting the differential expression of Parsy et al. 2016and EMT(Lambert

and Weinberg 2021; Yang et al. 202@nscription factors in UB7TMG, MDMB-231, and A549 cells
following TGFb treatment at two time points. Col
replicates), grouped by conditions, rows represent DEG, color denotes row sesdedgexpession
values, with darkest blue as lowest expression and darkest red as highR&)PCR analysis of the
EMT transcription factoiSnail in the three cell lines, under the indicated conditions (n=3 technical
replicates). Graphs are representative of imdependent experiments. Western blot detection of
Snaillevelsin LLC1 celstreaedwi t h 5 n gfér differert @re fpointgn=1). d. RT-gPCR
determination oMmRNA levels ofEMT TFsand markesin LLC1 cells under the same conditions (n=3
technical replicatesY.hetreatmens and western blot were carried out with the help of Anna Gomeniuk,
whereas RIgPCR was carried out in collaboration with Anna Gomeniuk and Weam Maddéekeh.
and in subsequent western blots, Tubulin served as a loadimglcbaita are normalized tbe control
condition. Results are presented as means + standard error of meansl{SlEM) (
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3.2. T GF-inducedSnaili s s uppr &G additdn by U

To deter mi ne t hkGreguredtoeownregala@nalexpression,@dnd
to validate previous findings of our lab, MDMB-2 31 and A549 cell s were
for 72 hoursto inducBnaile x pr essi on. During the final 24 h
concentrations (in 2 mM increments) of aqele r me a b | eKG{DonwikG) avére added
(Fig. 2.2b). Here, 6 mM and 8 mM DMKG remarkably reduce8nail proteinlevels (Fig.
3.2a). Slug |l evel s, although slightly-reduce
KG concentrationsinboth celllineB.o f ur t her ¢ or +KG imeeguiatingsnall he r o |
levels, we first conducted RGPCR analyses on U87MG, G55, MEMB-231, and A549 cells
treated with TGFb for 72 HIKGinthelasa2ddr6Wwiurs h 6 r
(Fig. 2.2b), focusing on mMRNA levels of core EMT transcription fact&idAI1l, SNAI2
ZEB1, ZEB2, TWIST1andTWIST?2). Indeed, the most pronounced changes were observed for
SNAIL, which mRNA | evels were strongly wupregu
s u b s e gKiGérentmetlh a doseand timedependent manner across all four cell lines (Fig.
3.2b), with the exception of A549, where 6 hetrs e a t m&«®& showed lowdiSNAIL
MRNA levels compared to 24 hourSNAI2 mRNA levels were moderately increased
foll owing TGFDb treat ment-MB-281 ané A549),rhotman c el |

gl i obl astoma cell l i nes. Moreover, ii#K6 | evel
treatment. Notably, WIST1 and WIST2 were not detectable in MDRKB-231 cells.
Consistently, westerblot analyses confirmedhéncreasen Snaland Sl ug | evel s wu
induction, then a gradual reductiorSnailf o | | o-KG treagmebkt across all cell lines, while

Slug level remained unchanged in G55, but was reduced in-MBA231 and A549 cells (Fig.
3.2¢c¢c) , consistent with its diff e4sK6 exposusel MR N /
(24 hours) and/or higer concentrations (8 mM) led to a more substantial decrease iSraith
MRNA and protein levels compared to shorter treatment (6 handédr lower concentration
(6 mM). These results highlight th&naillevdsarest r ongl y i nduced upon T

various cancecellt y pes and c | e akGlsypplemendation.e d upon U
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Figure32.UKG treat ment -indecediEME mdudiichFabWestern blots oSnail and

Slug in MDAMB-231 and A549 cells wupon treatment with
concent r &6 (2mWsp to8 mMIin 2 mM increment) in the last 24 h3nb. RT-gPCR

analysis of the expression of the core EMT BRAI1, SNAI2 ZEB1, ZEB2, TWIST1, andTWIST2

in glioblastoma cell lines U87MG and G55, breast cancer cell line MBA231, and lung cancer cell

line A549 wupon tr eat me n+t}KGnorthh lasT 6GHdy 24fhanrincr@aging h | an
concentrations (6 mM and 8 mM), (n=3 technical replicai&s)wn are representative examples of two
independent experiments with similar resuttsExpression levels of EMT TFSnailand Slug in the

same cell l ines, upon tr 4G fordghe indicatédttirne pdir@GsFob24h or 7 2
if not indicaed, determined using western blotting. Shown are representative immunoblots of 2
independent experiments with similar results. Data are normalized to control condition. Results are
presented as means + SEbJ.(

AS49
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3.3. UKGin hi b i t snedi&t@&dEMT activation

Immunofluorescence staining &nail validated previous observations (Fig. 2.11),
showingthaBnails i gnal i ntensity and nuclear | ocali zeé
treat ment , and subseque nKG gupplermentgtion iri allcheea t | y
cancer cell lines (Fig. 3.3g. The nuclear localization &nail correlates well with its TF
function. Vimentin, another established mesenchymal markeala@assessed (Fig. 2.12), and
a clear increase in the immunofluorescence signal wastddtin both MDAMB-231 and
A549 <cells following TGFb addition. The inct
MB-2 3 1 and was reduced t o -HKG meatsnént (B @B®.i n  AS5.
Remar kabd wdutT@Bbchanges in Vimentinds subcel
Vi mentin | evels have been previousl 8BM ound
cells(Goos 2015and thus not investigated here. Further immunofluorescence (Fig. 2.13), and
western blot analyses (Fig. 8 of the epithelial marker transmembrane cell adhesion
molecule Ecadherinin A549 cells revealedsd ownr egul ati on f ol |l owi ng
consistent withSnail induction. This downregulation was also reflected at the mRNA level,
alongside increased expression of the mesenchymal markeadhérin and Vimentin (Fig.
3.3y). Remarkably, neither 72 hours (Fig. §.80r 24 hourgFig. 3.3f,g)  oKG tréatment
reversed Ecadherin expression.
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the images show the fold change of corrected total cell fluorescence (CTCF) for Vimentin staining signal

in the entire cells. Results are from two biological replicates, with an average of 20 areas per condition
imaged and analyzed. Scale bars indicatari0e. Immunofluorescence staining for epithelial marker
Ecadherin in A549 cell s tr eatUK® @GGwMtadd 8 BM)dog72mL T GF
h. No quantificatiorwaspossible due tthe absence o& plasma membrane marker. Results are from

one liological replicate, withaverage of 10 areas per conditioraged. Scale bar indicates 20 (fig.

Expression levels of EMT markersdadherin, Ncadherin, Vimentin in A549 upon treatment with 5

ng/ mL TGFb for 72 h and -UKGy(@ndeasdi8 mi)for 2 h deermingdat i o n
by immunoblotting {) and RFqPCR ). Data are normalized to control condition, and results are
presented as means + SEMd,g). Statistical analysis was performed using -aray ANOVA,

foll owed by Dwomparsenstésefd)mu lvteirpslues cTGFb treat ment .

To further reinforce our findings, we employed MBAB-231-VIM -RFP and A549
VIM-RFP cells, which are engineered by CRISBP&9 technology to stably express RFP
tagged Vimentin. Flow cytometry analysis under the same treatment conditions, revealed that
UKG supplementation significantly reduced the percentage of-RfiRpositive cells
c o mp ar e d-treated cdnditloml (Fig. 3.4a). This observation was further reinforced by a
concomitant decrease in Vimentin aidail protein levels in the same cell lines, as determined
by western Dbl ot analysis (Fig. 3. 4K85)asa Toget

negative regulator of EMT, by suppressing b8tfailand Vimentin expression.
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Figure 3.4. Flow cytometryanal y s-EG-medi dt ed s upp riedsced EMT.aof T GFf
FACS analysis of VimentiRFP+ fractions in MDAMB-231-VIM -RFP and A549/IM-RFP upon
treatment with 5-UKG(6mVLandi8@R)Hor 22 dn=4meatment and FACS
analysiswere conducted by Nuray BogureSeidel and Sascha SeidBlata are normalized to control

condition. Results are presented as means + SEM. Statistical analysis was performed usag one
ANOVA, foll owed by Dunnettds multiple comparison
***n<(0.001. b. Supplementary western blanalyse®f Vimentin andSnailin the same cell lines upon
treatment with 5 ng/ rRIKG BGMbandf8omM) fér224 I Shawndare D m

representative immunoblots of two independent experiments with similar results.
34. UKGs uppr e s siedsicedic8lBldr invasion

Co

EMT induction in carcinomas as well as mesenchymal transition in glioblastomas
represent an initial and critical step in invasion and metastasis. We sought to investigate the
rol ek@fin reversing invasive pot-KQasindichted by t r
earlier, then performing modified Boyden chamber assay, in which cells must traverse a
Matrigel layer prior to migrating through a porous membrane (see Fig. 2.7a,b for treatment

setups) . Treating al/|l t hr e ey emhanoed ¢heir invasivel typ
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capacity, whereas suppl ement aKkGiindhe last24thdursi ncr e
significantly reversed their invasion (Fig. 3.5a). A549 cells exhibited the most pronounced
TGRibnduced invasiveness yet -K&hredmentd Totaksess | e a s |
wh et hKGr could also prevent invasion, cells were first-peated with increasing
concent r &6 (in2nnsM ineremetits) 3 hours priorto a 72 IOGrGF b t r eat men
followed by analysis in the modified Boyden chamber assay fathan24 hours (Fig. 2.7e).
| nt er est i ng kK, condemrations aymdually but) mildly suppressed invasive
capacities of A549 cells apart from the 8 mM treatment condition (Fig. 3.5b). Furthermore, the
antti nv asi v eKGrinotheeabsente iU mi cr oenvi ronment al cue,
evaluated. MDAMB-231 cells, which are more at the mesenchymal end of the EMP spectrum,
were tre&Gedowi 2B Bours wi t h@ig. 2.7cpIntiigaimgly, TGFb s
UKG significantly diminishedhe intrinsic invasive capacity of these cells, as revealed by a
Boyden chamber assay, and concurrently red&edl protein levels, as shown by western
blot analysis (Fig. 3.5¢).

To independently validate these findings, we generated a subpopulation cMBDA
231 cells with stably enhanced invasive properties. This was achieved by subjecting the cells
to 10 consecutive rounds of selection using the modified Boyden chamber adayhate
invaded through the Matrigebated Transwell membrane were collected and propagated after
each round. The final selected highly invasive cells were designated as i10, while cells which
did not initially pass through to the lower chamber fronfitlse round, were designated as non

invasive (ni) cell population (Fig. 3.5d, see section 2.2.1.13). MBA231 i10 cells displayed

substantially elevated invasive potential re
(Fig. 3.5e, Fig. 2.7d fosetup . |l mportantly, <@ pignificantheamnd at i on
strongly inhibited i10 cells invasiveness in
for setup.
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Figure 3.5. .KG attenuatestumor cell invasion. a. Invasion rates of U87MG, MDMB-231, and

A549 cells treated wi t hUKGfonlgst2hinificREsing dorwentraich h  a n
(6 mM and 8 mM), followed by conducting Boyden chamber assay for an extended 24 or 486. (n=5
biological replicates per conditiort). Invasion rates of A549 treated with increasing concentration of

UKG (2 mM up to 8 mM in 2 mM increment) 3 h befo
by conducting Boyden chamber assay for an extended 24 h with same ttecomditions (n=46

biological replicates per conditior). MDA-MB-231 as a MET model, cells were treated with-Dm

KG (6 mM and 8 mM) for 24 h, followed by 48 h in Boyden chamber (upper) (n=5 biological replicates

per condition). Expression levels $hailwere determined using Western blotting upon same treatment
conditions (lower)d. Schematic illustration athe generation of neimvasive (ni) and invasive cells

(i10). The =lection wasdone,and theBioRenderscheme was creatdsy Nuray BogurciSeickl. e.

Invasion rates of MDAVIB-231 niandilOcellsprer eat ed wi th 5 ng/ mLa TGFb f
Boyden chamber assay fadditional48 h (n=4 biological replicates per conditioh)invasion rates of
MDA-MB-231 ni and i10 cells praeated with DraJ-KG for 24 h in increasing concentration (6 mM

and 8 mM) without pr i oaBoyled Ehamberiassay fditonad8H (=61 owe d

6 biological replicates per condition). Data are normalized to control condition. Results are presented as
means + SEM. Statistical analysis was performed usingwatey ANOVA, f ol |l eawed by
Dunnettés multiple comparisons test (versus TGF
***n<0.001.

To exclude the possibility thaKGteatmeentced i |
was due to impaired cell proliferation or increased cell death, we performed proliferation assay
on all three cancer cell types,fohl a&kbhgi bne
for 24, 48, or 72 hours (check Fig. 2.8 for experimental setup). We monitored the cell count and
the percentage of viable cells us@@ASY Cell Counter and Analyzer System Wh-KG& e U
treatment led to a significant reduction in W8& c e | | count -teatedpcalls ed t o

(Fig. 3.6a), the percentage of viable cells remained largely unchanged with an average of
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92.96% = 0.9% (mean + standard deviationjable cells (Fig. 3.6b). A variation in
proliferation between treatment conditions in MID/B-231 was also evident, with a non
iK@ conddidns (Fig. 8.6cWhile serumt h e

deprivation reduced viability to an average96f31 % * 2.39 %, additional treatments had no

significant

further measurable effect on viability (Fig. 3.6d). Finafp49 showed the least variability of
cell count between treatment conditions (Fig. 3.6e). They also showed the laigtideast
variable viability with an average of 95.23% * 0.96 (Fig. 3.6f). Notably, U87MG cell

decrease

2

treatments were conducted under TSM conditions, rather than adherent conditions, except

during Boyden chamber assay {preatment. Collectively, while a modest effect on U87MG

proliferation was observed, these results suppt a

potential of various cancer cell types without substantial cytotoxic or antiproliferative effects.
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viability at the end of the described treatmient87MG (), MDA-MB-231 ), A549 ). Dashed red
line is showing the threshold of viability in control conditions. (n=3 biological replicates, representative
of two independent experimehtfkesults are presented as mearssandard deviationSD). Data in
(a,c,8 are normalized to control condition. Statistical analysis was performed usivwgpgn&NOVA,
foll owed by Dunnett 6s mul tiple comparisons tes
*xn<0,001.
3.5. IDH1 regulates EMT and invasion

To confirm prior findingsof our laboratorywe reassesseghailand IDH1 expression
at protein and mRNA |l evels in U87MG control
72 hours (see Fig. 2.2a for experimental setup). Consistent with earlier results9jFifpH1
expression was effectively depleted in shIDH1 cells, accompanied by a concomitant increase
in SNAIL mRNA levels compared to control cells. This upregulation was further induced upon
TGFb treatment at bot h prMoreevernUSAVIGahIDRREES | e v e
exhibited a significantly enhanced invasive capacity compared to control cells (Fig. 3.7b).
Remar kabl vy, addi t i onkd notably peducesbmed prdteintlevetsnin wi t h
U87MG shIDHL1 cells (Fig. 3.7c). These findings were further validated across multiple cancer
cell lines, including MDAMB-231-VIM -RFP as a breast cancer model (Fig. 3.7d), as well as
LLC1 pCDH B3 (Fig. 3.7e) and LLC1 pCDH B3/ sLP mChe#% co and shiDH1 cells (Fig.
3.7f) as lung cancer models. Eféat IDH1 knockdown was confirmed at both protein and
MRNA levels, in addition to coinciding§nail upregulation in shiIDH1 cells, with or without
TGFDb t r(fig B.7d€.nmo achieve robust knockdown of IDH1 in LLC1 cells, various
mouse shiDH1 constructs and MOIs were tested (data not shown), among which shIDH1#3
with a MOI of 100 demonstrated the highest knockdown efficiency and was therefore used in
subsequent experiments. Althou§hall mRNA levels were not elevated in LLC1 shiDH1
cells compared to control cells, its expression at protein levels was markedly increased in
shIDH1 cells (Fig. 3.7e,f). Notably, among several EMT Tgilwas the only TF induced
uponl DH1 knockdown and/ or TGFb stimulation in

within the 6hoursinduction period (Fig. 3.7f).
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Figure 3.7. IDH1 depletion inducesthe EMT TF Snail and invasion.a. Snail (SNAI1) and IDH1

expression levels determined using western blotting (left) ardAROR (right) upon IDH1 knockdown

in U87MG cells, following 5 ng/mL TGFb treat ment
IDH1-depleted cells. Shown is representativeahoée independent experimenis.Invasion rates of

U87MG co and shIDH1 cells as assessed by modified Boyden chamber ass#®y [ividgical

replicates per condition). Cells were seeded directly in Boyden chamber withdtggineent and kept

for 24 h. Representative images showing invading tumor cells on the left, and quantification of the area
covered by invaded cells in the lower compartment, normalized to the area coveredryaded cells

in the upper compartment is shown on the right. &Sder indicates 200 pnt. Snail and IDH1
expression |l evels determined using western bl ott
and DmUKG for the last 24 h in increasing concentration (6 mM and 8 ndM¥nail and IDH1

expression levels detamed using western blotting following IDH1 knockdown in MBAB-231-

VIM-RDP cel |l s, upon 5 n g/ ehlLSnal (Sraift)and IDElaekpmessiortlevdélso r 7 2
determined using western blotting (left) and-§¥CR (right) following IDH1 knockdown in LLC1
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pCDH B3/ pGIPZ B3 cellsg) or LLC1 pCDH B3/ sLP mCherry B2/ pGIPZ B1),(in addition to
examining other EMT TFs in LLC1 pCDH B3/ sLP mCherry B2/ pGIPZ B1 usinggRTR upon 5
ng/ mL TGFb t r d)a(a8e¢eahnicalfraplicates forhall RFPCR). RFgQPCR Data are
normalized to control condition. Results are presented as means + &EE)( p values were
calculated by twdailed unpaired Studentést. ***p<0.001.

In contrast, doxycyclinenduced overexpression of IDH1 resulted in a clear reduction
inSnaillpr ot ei n | ereatetl 987NMhcell¥ Gif. B.8a, see Fig. 2.4a for experimental
setup). No appreciable changeSnailand IDH1 levels was detected in corresponding control
cells, transduced with pSLHGFP, in the presence or absence of doxycycline inducioail
levels were found to be higher in pSLIK IDHifansduced cells compared to control cells
following TGFb suppl ement aént omportantly, as HRHGQ t d o x
knockdown was previously showntoinduce MIF st abi | i ty at9,mducedei n |
IDH1 overexpression markedly suppressed-tilg an-da UHI Evel s over exte
of hypoxic incubation (see Fig. 2.4b for experimental setup), particularly at 6 and 72 hours of
low oxygen exposure (Fig. &). Although doxycycline alone had a slight effect on 4IF
levels in control cells, the diminished levels observed upon doxycyickheed
overexpression of IDH1 remained eerd despite this baseline reduction. Taken together, these
resultsestablish a role for IDH1 in modulatir@nail expression, invasionand HIF st abi | i t
vi a r e gKGhameostagis. U

a b
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Figure 3.8. IDH1-induced overexpression reduces EMT inductiona. Snailand IDH1 expression

levels following IDH1 overexpression in U87MG induced by doxycycline treatment in increasing
concentrations (0.2 and 0.4 Og/ mHF1Uan2aH, & angd mL
IDH1 expression levels following induced IDH1 overexpression in U87MG treated with 0.8 pug/mL
doxycycline and increasing durations of hypoxia. Shown are representative immunoblots of 2
independent experiments with similar results.

3.6. Snail as a critical mediator of IDH1 depletiondriven invasiveness
To delineate the relationship between IDH1 knockdo®nail upregulation, and

increased invasiveness, we first depledadilin both U87MG control and shIDH1 cells. This
resulted in pronounced reduction in invasiveness, as assessed by modified Boyden chamber
assay (Fig. 3.9a). Indeed, the enhanced invasive capacity conferred by IDH1 depletion was
effectively abrogated upon fimer Snail knockdown. This was coupled with efficieBnail
depl eti on, specifically evident lusithalandT GFb t
MDA-MB-231-POR shIDH1 / sBnail cells, determined by western blotting (Fig. 3.9b). To

further support these findings, we employed an independent approach utilizing tHeaB&¢P
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CRISPRCas9 system to knocko&nailin U87MG and MDAMB-231-POR shIDH1 cells.
Snailknockout significantly reversed the enhanced invasiveness characteristic of shIDH1 cells
(Fig. 3.9¢) and was associated with a substantial reducti@nail protein levels in both
U87MG and MDAMB-231-POR shIDH1 cells with sgnail (Fig. 3.9d). Interestingly, partial
depletion ofSnail expression using Spaikl resulted in a greater reduction in invasiveness

compared to complete abolishmenSofailachieved by sg§naik2 (Fig. 3.9c,d).
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Figure 3.9. Snail knockdown mitigates IDH1 lossinduced invasion.a. Invasion rates of U87MG

control (co), shiIDH1 and/or Simail measured by modified Boyden chamber assay-fbiblogical

replicates per condition). Cells were directly seeded in Boyden chamber for 24 h without prior pre
treatmentb. Snailand IDH1 expression determined by western blot in U87MG and MEBA231-

POR co/co, co/sPnail shiIDH1/co, orshiDH1/®nailc e | | s treated with 5 ng/ mL
is representative for two independent experimentayasion rates of UB7MG co or shIDH1 transfected

with nontargeting control (NC#1), or sgSNAIL (#1 or #2),pmeatedvi t h TGFb for 72 h,
incubation in modifiedBoyden chamber assay for 48 h (F&biological replicates per conditiorg.

Snail and IDH1 expression determined by western blot in U87MG and MRA231-POR co and

shl DH1 wupon SNAI1 knockout und er prebe@thtive fdr twe at me n t
independent experiments. Data are normalized to control condition. Results are presented as means +
SEM (@,c). Statistical analysis was performed usingoney ANOVA, f ol |l owed by Du
comparisons test (versus shiDHL1 cells). *p<0.05; **p<0.01; ***p<0.001.

To further dissect the transcriptomic consequences of IDH1 depletion, and the potential
rescue eKGfsupldmentafion dh EMT onset and invasiveness, we performed bulk
RNA-seq on U87MG <control and shlIDH1 <cells t
supp e me nt eKG fav eithen thelast 6 or 72 hours (Fig. 2.10d). A comprehensive list of
potentialSnailtarget genes was manually curated, and a selected list of genes characteristic of
epithelial and mesenchymal states, as well as genes involved adlcesion, movement, and
invasion, were assessgciano and Nieto 2016; Nieto 2002; Yastrebova et al. 2@hgatmap
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of the genes, which are differentially expressed under the described treatment conditions, is
shown in Fig. 3.10a. We focused on genes that were upregulated following IDH1 knockdown
and/ or TGFb stimul ati on, -K@ trehtmeahtocensisteatgwiti at e d
changes in SNAI1 expressioAmong the genes that fulfilled these criteria were MMP7,
MMP13, MMP15, JUP, COL3A1, COL8A2, and COL14AWe validated the expression

profiles of MMP7, MMP15, and COL14A1 at mRNA levels using§HCR, which were found

to be clearly upregulated upon | DH1 knockdow
dramatical |y rKGdhupplenentafiobot 72 bows, bugnot® hours, exhibiting

a comparable expression profile $dlAI1 (Fig. 3.10b).We further determined the effect of

TGFb &G dn thése potentigdnail targets in parental cells by RJPCR (Fig. 3.10c).

MMP?7 expression regulation by ot T G F b-KGwaslincbhsistent across the different cell

l ines, whereas MMP15 and COL14A1 were robust
and r edu c-KG supplpnentatiod. Interestingly, COL14A1 seems to be mainly
expressed in GBM cell$ig. 3.10c). Collectively, these results supfanaib s essent i al
mediating EMT and invasion in IDHdeficient cells, potentially through MMPs and collagens,

withSnaild epl et i on recapitul atkGhg t he suppressi Ve
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Figure 3.10. UKG inhibits Snail transcriptional regulation and suppresses EMT program.a.

Heatmap derived fronbulk RNA-seq depicting the differential expression of a sele@edil
downstream targets in U87MG co and shlDH1 cell s
addition to 6 mM DMUJ-KG treatment for the last 6 h or 72 h. Columns represent individual replicates
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(n=3 biological replicates), grouped by conditions, rows represent DEG, color denotes row scaled (Z
score) expression values, with darkest blue as lowest expression and darkest red asthigfiest).

gPCR analysis of the expressiorstAIL, in addition taMP7, MMP15 and COL14A1 mRNA levels

as potential downstream targetsSofail TF, in U87MG co and shIDH1 cells under the same indicated
conditions, (=3 technical replicates). Shown are representative examples of two independent
experiments with similar sailts. c. RT-qPCR analysis of the expression of MMP7, MMP15 and
COL14A1 mRNA levels in US7MG, G55, MDMB-231, and A549 cells upon treatment with 5 ng/mL

TGFb for 72 h in additi onUKGdreatnent (6 ek and8mM)forthacent r
last 24 h, fi=3technical replicates). Data are normalized to control condition. Results are presented as
means + SEMK(c).

3.7. UKG negatively regulatesSnail expression partially through the ATP synthase
MTORC1-c-Myc axis

Previous results in our lab identified tt8aillevels are regulated by the IDHEKG-

PHD-HIF signaling pathwayFig. 1.9). However, HIFI2-U knockdown only r esu
Snail reduction at both protein and mRNA levéBogurcitSeidel 2018) suggesting that

addi tiK@-dependeni mechanisms might also contributBrtail regulation. Given that

UKG has been shown to directly inhibit ATP synthase, thereby repressing @€galing

(Chin et al. 2014)we investigated whether the IDHTP synthasenTORC1 signaling

pathway plays a role in modulatigmail expression.

Firstwe i nvest i ga t-KGlonATPéevels asmmicdirectoehidoud for ATP
synthase activity, by supplementifgG Fteeated U87MG cells with increasing concentrations
o0f-KG@ for 3 hours (see Fi gKG shnififantly educee bofhe r i me
ATP/ADP ratio (Fig. 3.11a) as well as ATP levels (Fig. 3.11b). The effect was comparable to
that of oligomyan, an established ATP synthase inhibitor. A similar trend was observed in
U87MG co and shiDH1 cellspter eat ed wi t h s, WikeFeBupplesnentaffo® with o u r
i ncreasi ng c eKGdoehoursadramaticakly reduced BTP levels compared to
shl DH1 cell s treatedawmeht onof y-KAfiBtgeb educ@d n wi t
ATP levels. Notablysignificantly lower ATP levels wer@bservedn T G FtbeatedshiDH1
cells as compared to control cgli8g. 3.11c) Taken together, the results revealed a potent and
qui ck i nhi biK® anrAJP senthdse.ct of U
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rati o upon treatment of U87 MGUKGitreatmers (6 mgl andB T GF b
mM) for the last 3 h in U87MG, Oligomycin (Oli, 5uM) was used as a positive control. Results are from

6 biological replicates from twimdependent experiments. Effect of DmUKG on ATP levels upon
treatment of U87MG wit h -BKGtedmeht(6Tn®fafd 8mi)forthe2 h ar
last 3 h in U87MG. Oli was used as a positive control. Values were normalized to protein concentration

in ug. Results are froré biological replicates from two independent experiment&ffect of DmU-

KG on ATP |l evels upon treatment of U87MG-Uco and
KG treatment (6 mM and 8 mM) for the last 3 h. Oli was used as a positive controls \Watue

normalized to protein concentration in pg. Results are presented from four biological replicates. Data

are normalized to control condition. Results are presented as means + SEM. Statistical analysis was
performed using onway ANOVA, followedbyDum et 4 sver sus TGFbH t rceat ment
multiple comparisons test when appropriate. *p<0.05; **p<0.01; ***p<0.001.

Next, we examined mTORL activity by western blot analysis of the phosphorylation

status of its downstream effectors, P70S6K a
hours, and i ncr e akGimtge last@hhowsint USEMG| MDRIB-234,f U
and A549 cells (Fig 3.12ac ) . I nterestingly, i n us7 MG,
phosphoryl ati on, and thus activity -BEG bot h

supplementation in parallel with changesSnail protein levels (Fig. 3.12a). In coast,
changes in phosphorylation of only&BP1 but not P70S6K were evident in MEMB-231

and A549 cells, under the indicated conditions (Fig. 3.12b,c). Moreover, a marked increase in
P70S6K phosphoryl ation was obse-MB-23t, whHichl | owi 1
was reduced o nrKGyaddiign ¢Fig. 3612bnAs ATP can activate mTOR
directly through its binding motif in the active site of mMTOR protein, and indirectly by inhibiting
the activity of AMPK, we also determined the activation or irttohiof AMPK phosphorylated
targets TSC2, and Raptor, respectively. Upon AMPK activation after ATP:AMP ratio
reduction, phosphorylation of TSC2 on Ser1387 is achieved, enabling TSC2 inhibitory effect
on mTOR. Moreover, active AMPK phosphorylates RaptoBer792, disturbing its binding

to mTOR thus halting the activity of mMTORC1 complex. Activating phosphorylation of TSC2
was evident in both MDAMB-231 and A549 (Fig. 3.12b,c), but not UB7MG (Fig. 3.12a), upon
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UKG treatment. Conversely, inactivating phosphorylation of Raptor was only observed in

A549 (Fig. 3.12c). Moreover, no change in ERK phosphorylation was observed across the cell

lines. Conversely

T @€afmeninduced increased phosphorylation of AKT was observed

in A549 cells (Fig. 3.12c), while a decrease AT was apparent in MDAVIB-231 cells
1 2 BKG.supplementatior requcedKT levels in both cell lines (Fig.

(Fi g.
3.12b,c)

As c-Myc and FoxK1 are mTORC1-regulated transcription factors, and established
SNAI1 activators(Chen et al. 2017; Smith et al. 2009; H. Xu et al. 20%&) also sought to
thei-KGespp s s dngusal c-MYGIR @l three cell lines,

e x ami

wh er e a suprep@aetiFoxK11 ev el s
3.12ac), suggesting that-Myc ma y

regulation.
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Figure 3.12. U-KG simultaneously reducesSnail levels, ATP synthasemTORC1 activity and c-

Myc levels a-c. Western blot analyses of thetization and phosphorylation levels of mTOR
effectors P70S6K and 4EBRf addition to activating phosphorylation D8C2, an upstream negative
regulator of mMTORC1, anghinactivating phosphorylation of Raptor, an mTOR binding partmktyc

and FoxK1 TF levels, and activity status of upstream regulators of mMTORC1, AKT and ERK are also

shown. US7MG &), MDA-MB-231 (), and A549 ¢) cells were treated/i t h 5

ng

/ mL

and DmUKG (6 mM and 8 mM) for the last 24 h in. Shoarerepresentativeof two independent

experiments.

To further confirm our findings in IDHd e p | et ed
dependent control ofnail
MTORC1lsi gnaling
Intriguingly,

cell s
we pharmacol ogically
axis in U87MG shlDH1
treating cells with a
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MTOR i nhibitor ( Rapamy c-iamd)DHXkaockidavairidiucedsnlily bl oc
expression and mTARL activation, while MEK inhibition (U0126) had no effect &Gmail

expression (Fig. 3.13a,c). Similarly, treatment with either the ATP synthase inhibitor
oligomycin, or dorsomorphin, an AT€mpetitive inhibitor of AMPK which also inhibits the
BMP/AKT pathway, attenuated mT@HR signaling, andlecrease&naillevels(Fig. 3.13b,c).
Interestingly, AKT and ERK were activated following both IDH1 knockdowmd & G F b
stimulation and were downregulated following the pharmacological inhibition of their upstream
signaling molecule-ig.3.13ac ) . Col |l ecti vely, t K&dependentsul t s
Snail regulation could be driven in part by the A$ihmthasenTORC1 signaling axis.

Moreover, our findings highlight th&nailr e gul ati on i s a{dPISBKGAKme di at e
MTORC1b ut n o-MEKIERK-rbTORC1signaling.
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