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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 human malignancies, although they are
not necessarily acquired through similar mechanisms or at the same time. The concept of cancer
hallmarks was introduced in 2000 (Hanahan and Weinberg 2000). This 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 programmed-cell death, inducing angiogenesis, enabling replicative
immortality, activating invasion and metastasis, evading immune destruction, and
reprogramming of energy metabolism (Hanahan and Weinberg 2000, 2011). Throughout the
past two decades, more acquired features have been introduced, such as unlocking phenotypic
plasticity, and undergoing epigenetic modifications (Hanahan 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.
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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 from (Hanahan 2022; Hanahan and Weinberg 2000, 2011). Created with
BioRender.com
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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 cancer-related deaths result
from metastatic disease rather than the primary tumors (Mani et al. 2024). Although the precise
proportion of metastasis-related mortality cannot be accurately calculated (Dillekas, Rogers,
and Straume 2019), its devastating clinical impact is indisputable, underscoring the need to
target this process at its earliest stages. In particular, brain metastases, which occur in 20-40%
of systemic cancer patients, are associated with poor quality of life, and limited overall survival
(Achrol et al. 2019; Suh et al. 2020). The true incidence rates are thought to be higher than the
reported numbers, as improved primary tumor treatments and extended survival durations of
patients have increased the risk of metastatic spread to the brain (Brenner and Patel 2022; Suh
et al. 2020). Moreover, many patients with extracranial cancer do not undergo routine brain
MRI screening, and do not display neurological symptoms, hindering their diagnosis. Almost
every cancer type can metastasize to the brain, but the majority of brain metastases develop
from lung, breast, and skin cancers (Achrol et al. 2019; Brenner and Patel 2022; Suh et al.
2020). Notably, the primary tumor type or the molecular subtype can further dictate the risk of
developing brain metastases. Lung carcinoma patients are more likely to develop secondary
brain tumors more often than patients with other tumors, with small cell and non-small cell lung
cancers (NSCLC) showing the highest incidence among lung cancer subtypes. Moreover, breast
cancer patients of human epidermal growth factor receptor 2 (HER2)-positive or triple negative
(TNBC) subtypes have a significantly higher risk of developing brain metastases compared to
those who have estrogen-positive and/or progesterone-positive breast cancer (Achrol et al.
2019; Aizer et al. 2022; Suh et al. 2020). According to brain tumor statistics, brain metastases
account for the majority of brain neoplasms and exceed the number of benign and malignant
primary brain tumors combined (Brenner and Patel 2022; Khan and Steeg 2022; McFaline-
Figueroa and Lee 2018), while the most prevalent and aggressive primary brain malignancy is
isocitrate dehydrogenase-wild-type glioblastoma (IDH WT GBM) (Lapointe, Perry, and
Butowski 2018; McKinnon et al. 2021; Schaff and Mellinghoff 2023). Despite the rare
incidence of extracranial GBM metastasis, GBM cells display highly diffuse infiltration and
aggressive invasion into the surrounding brain parenchyma, leading to a high rate of recurrence
following therapeutic interventions (Pouyan et al. 2025; Seker-Polat et al. 2022). Consequently,
the current treatment modalities, including surgical resection, followed by concomitant

radiotherapy and chemotherapy, and subsequent adjuvant chemotherapy, only slightly improve
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patients outcome (Pouyan et al. 2025; Seker-Polat et al. 2022). The development of novel
therapies for invasive GBM poses enormous challenges similar to those for brain metastases.
Metastasis is a multistep process. The metastatic cascade (Fig. 1.2), comprehensively
described by Dr. Isaiah J. Fidler (Fidler 1990, 2003), begins with molecular and phenotypical
changes in cancer cells. These changes are collectively known as the epithelial-to-mesenchymal
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 tissue (Fidler 1990, 2003). Metastasis-initiating 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 extravasation and 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, and resume proliferation and colonization of the tissue to develop into
macroscopic lesions (Fares et al. 2020; Hanahan and Weinberg 2000; Pérez-Gonzalez, Bévant,

and Blanpain 2023).
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Figure 1.2. Overview of the metastatic cascade. Schematic 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 membrane. (3) They 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
microenvironmental cues, (7) colonize the tissue and form clinically detectable macrometastasis.
Adapted from (Drapela and Gomes 2021; Fares et al. 2020). Created with BioRender.com
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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 developmental processes such as
gastrulation, tissue morphogenesis, and neural crest delamination (Dongre and Weinberg 2019;
Lu and Kang 2019; Youssef and Nieto 2024). In adult tissues, EMT is transiently activated
during physiological wound healing and tissue repair (Youssef and Nieto 2024), but can be
pathologically reactivated in conditions such as fibrosis and cancer (Babaei, Aziz, and Jaghi
2021; Pérez-Gonzalez et al. 2023; Yang et al. 2020). EMT 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, also referred to as
quasi-mesenchymal cell states, confer high plasticity, allowing cells to reversibly transition
between states depending on environmental cues, a phenomenon termed epithelial-to-
mesenchymal plasticity (EMP) (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 anoikis, the
detachment-induced apoptosis, during dissemination and circulation (Brabletz 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 epithelial-like primary counterparts. This
observation highlights the necessity of a reverse process, known as mesenchymal-to-epithelial
transition (MET), during which metastasizing cells lose their mesenchymal features and revert
back to an epithelial state with high proliferative capacities (Brabletz 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 desired (Huang, Hong, and Wei 2022; Jolly et al. 2017; Nieto et al. 2016).

Prior to the onset of EMT, epithelial cancer cells display a well-defined apical-basal
polarity and maintain close cell-cell adhesion through various intercellular junctions, including
tight junctions, gap junctions, desmosomes, and adherens junctions, mainly mediated by
epithelial cadherin (E-cadherin). Epithelial cells are also anchored to the basement membrane

via hemidesmosomes (Fig. 1.3) (Lamouille, Xu, and Derynck 2014; Lu and Kang 2019; Yang
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et al. 2020). This organization maintains their structural and functional integrity (Lamouille et
al. 2014; Springer et al. 2025). During EMT, these different junctions are deconstructed, E-
cadherin at the plasma membrane is cleaved and subsequently degraded, and actin cytoskeletal
architecture is reorganized. This is accompanied by a loss of apical-basal polarity and the
acquisition of front-rear polarity, resulting in a morphological change from a polygonal to
spindle-like shaped mesenchymal cells, with increased cell motility and protrusions, facilitating
degradation of the ECM and invasion into surrounding tissues (Fig. 1.2, Fig. 1.3) (Lamouille et
al. 2014; Lu and Kang 2019; Yang et al. 2020).

At the molecular level, these phenotypic changes are driven by a reprogramming of gene
expression (Fig. 1.3). Epithelial markers such as E-cadherin, Claudins, Occludins, and
Cytokeratins are downregulated or transcriptionally repressed. Concurrently, mesenchymal
markers are upregulated, including neural cadherin (N-cadherin), an adhesion molecule that
promotes interactions and attachment with neighboring mesenchymal cells, and Vimentin, an
intermediate filament protein that interacts with motor proteins and contributes to cytoskeletal
plasticity and motility (Yang et al. 2020). In addition, EMT confers the capacity to traverse the
basement membrane through the upregulation of matrix metalloproteinases (MMPs), a family
of proteases that degrade the ECM components, thereby facilitating local invasion and
intravasation (Dongre and Weinberg 2019).

A similar transcriptional and phenotypic reprogramming process has also been
described in GBM, commonly referred to as proneural-to-mesenchymal transition (PMT), glial-
to-mesenchymal transition (GMT), or more generally as an EMT-like process. Gene expression
profiling led to the classification of GBM into three or four distinct molecular subgroups with
different clinical implications, including proneural, (neural,) classical, and mesenchymal. The
latter is strongly associated with higher infiltration and poorer prognosis compared to the other
subgroups (Fedele et al. 2019; Majc et al. 2020). Single-cell transcriptome analyses revealed
that although the names of the subgroups represent the predominant cell subtype, other cell
subtypes are also present in the same tumor due to the intrinsic intratumoral heterogeneity of
GBM (Verhaak et al. 2010; Wang et al. 2017; Xu et al. 2025). During PMT, GBM cells
transition from the proneural to the mesenchymal subtype, particularly at recurrence following
radiation and chemotherapy (Fedele et al. 2019; Iwadate 2016; Mahabir et al. 2014; Seker-Polat
et al. 2022; Xu et al. 2024). Several studies suggest that the molecular events and
microenvironmental factors that trigger this 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 cells (Depner et al. 2016; Fedele et al. 2019; Iwadate 2016; Mahabir et al. 2014;
Majc et al. 2020; Pouyan et al. 2025; Seker-Polat et al. 2022).

EMT is a complex process, during which the changes in EMT-associated gene
expression profiles and phenotypes depend on the cellular context and the microenvironmental
cues, as discussed below. The gene expression changes are mainly orchestrated by a group of
transcription factors (TFs), with Snail (SNAII), Slug (SNAI2), TWIST1, TWIST2, ZEBI, and
ZEB?2 being considered as core EMT regulators (Lamouille et al. 2014; Yang et al. 2020). They
regulate the repression of epithelial markers, and the activation of the mesenchymal genes (Fig.

1.3) (Haerinck, Goossens, and Berx 2023), as detailed later.

Epithelial state Quasi mesenchymal state Mesenchymal state

‘EE! ; \ “ g Rear 3 ——C Front
‘W \ o P
\ \ S a2
Basal
——
AARL AL
Basement Epithelial markers Mesenchymal markers
membrane
Legend
Hemidesmosomes _ .- Adherent Juncticns Receptor 1 Adherent Junctions
L E-cadherin —= N-cadherin
Desmosomes ’E% Claudins / Occludins 87 Receptor 2 o_‘ Inducing ligands
ARAARAA ” @
—=—=—"Actin filaments Cytokeratin filaments = Vimentin filaments

Figure 1.3. Overview of molecular and phenotypic changes during EMT. Upon 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 their epithelial cell-cell 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 increased invasive capacity. This is concurrent with changes in
intracellular adherent junctions and cytoskeleton filaments. EMT is orchestrated by core TFs which
repress the expression of epithelial markers and activate the expression of mesenchymal markers.
Adapted from (Dongre and Weinberg 2019; Yang et al. 2020). Created with BioRender.com.
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1.1.2. EMT/PMT inducers

Both EMT and PMT, hereafter collectively referred to as EMT, can be triggered by
various microenvironmental stimuli. Ligands secreted by neighboring stromal cells, such as
cytokines and growth factors, bind to their respective receptors on cancer cells, initiating
intracellular signaling cascades that ultimately activate the EMT process (Dongre and Weinberg
2019; Pérez-Gonzalez et al. 2023). Key signaling pathways activating EMT include
transforming growth factor beta (TGFp), receptor tyrosine kinases (RTKs), Wnt/B-catenin,
tumor necrosis factor alpha (TNFa), and Notch. RTK signaling initiates EMT-associated events
through several downstream effectors, notably the phosphatidylinositol 3-kinase (PI3K)-AKT,
mitogen-activated protein kinase (MAPK), and JAK-STAT pathways (Majc et al. 2020).
Additionally, other microenvironmental conditions, including oxygen level, nutrient
availability and ECM stiffness are sensed by cancer cells. Along with intrinsic alterations such
as metabolic reprogramming, they are integrated into EMT regulatory networks that control the
expression, stability, and activity of EMT TFs and ultimately their target genes (Babaei et al.
2021; Haerinck et al. 2023; Majc et al. 2020; Williams et al. 2019).

1.1.1.1. TGFp pathway

The TGFp family of cytokines stands out as the most potent and pleiotropic of the
aforementioned signals. What distinguishes TGFf from other EMT-inducing signals is its dual
role in tumorigenesis, whereby it can exert both tumor-suppressive and tumor-promoting
functions. Its functions vary from enforcing homeostasis in healthy epithelium, to having anti-
proliferative effects and inducing apoptosis in pre-malignant cells, and finally promoting EMT,
invasion, and metastasis in advanced carcinoma and glioblastoma cells (Hao, Baker, and Ten
Dijke 2019; Iser et al. 2017; Lebrun 2012; Massagué and Sheppard 2023; Seoane and Gomis
2017). The TGFp family includes numerous cytokines, of which the most relevant members in
the context of EMT and tumor progression are TGFB1, TGFB2, and TGFB3 members. These
isoforms are secreted by various cell types within the tumor microenvironment, including
cancer-associated fibroblasts, cancer-associated macrophages, or the cancer cells themselves
(Majc et al. 2020). Compared to EMT processes initiated by other factors, TGFp-induced EMT
has been extensively characterized, both in terms of its signaling pathways and transcriptional
regulatory networks (Derynck, Muthusamy, and Saeteurn 2014). TGF3 mediates EMT through
both canonical (Smad-dependent) and non-canonical (Smad-independent) signaling pathways
(Fig. 1.4) (Deng et al. 2024; Lamouille et al. 2014; Majc et al. 2020; Massagué and Sheppard
2023). In the canonical pathway, active TGFf homodimers bind to a receptor complex
composed of type II (TGFBR2) and type [ (TGFBR1) serine/threonine kinase receptors. Ligand
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engagement induces phosphorylation of TGFBR1 by TGFBR2, enabling TGFBRI1 to
phosphorylate its substrates Smad2 and Smad3 TFs. These activated Smads then form
complexes with Smad4, translocate to the nucleus, where they regulate gene expression of
multiple genes, implicated in cell growth, proliferation, motility, and invasion (Dongre and
Weinberg 2019; Massagué and Sheppard 2023). Smad complexes also induce the expression
of EMT TFs, including SNAI1/2, ZEB1, and TWISTI, as well as mesenchymal genes, such as
Vimentin and Fibronectin (Dongre and Weinberg 2019). These EMT TFs upregulate TGFf
ligand expression establishing a positive feedback loop that reinforces and sustains EMT
(Brabletz et al. 2021; Dongre and Weinberg 2019).

Interestingly, TGFp signaling can act on other signaling pathways (Fig. 1.4), such as
PI3K-AKT, MAPK, JAK-STAT, and RHO-like GTPases, in a Smad-independent, non-
canonical mechanism (Deng et al. 2024; Dongre and Weinberg 2019; Lamouille et al. 2014;
Massagué and Sheppard 2023; Xia 2025). These non-canonical pathways contribute to the
complexity and versatility of TGFf signaling in promoting EMT and tumor progression. The
PI3K-AKT pathway, in particular, is frequently hyperactivated in a variety of malignancies,
including lung cancer and glioblastoma (Langhans et al. 2017; Lin et al. 2014). Inhibition of
this pathway has been shown to impair EMT induction, and reduce invasive potential in
multiple tumor types (Lamouille et al. 2014; Lin et al. 2014; Moghbeli 2024; Xia 2025). TGFp
ligands also activate multiple MAPK signaling axes, including extracellular signal-regulated
kinase (ERK1/2), p38, and JNK, although to a lesser extent compared to growth factor-activated
RTKs (Deng et al. 2024; Lamouille et al. 2014; Massagué¢ and Sheppard 2023). Notably,
pharmacological inhibition of ERK has been shown to reverse TGFp-induced EMT, restore E-

cadherin expression, and suppress MMPs expression (Lamouille et al. 2014).
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Figure 1.4. Overview of the TGFp canonical and non-canonical signaling pathways regulating
EMT core TFs. Canonical TGF signaling includes Smad-dependent pathways, whereas non-canonical
signaling includes PI3K-AKT, RAS-RAF-MEK-ERK, JAK-STAT, RHO-GTPases, p38, and JNK
pathways. Adapted from (Dongre and Weinberg 2019; Huang et al. 2022; Iser et al. 2017; Majc et al.
2020). Created with BioRender.com

1.1.1.2. Hypoxia pathway

Hypoxia, or low oxygen (O2) level, is a common environmental stress, and a
characteristic of solid aggressive tumors, including GBM, breast, and lung carcinomas (Huang,
Lin, and Taniguchi 2017; Iser et al. 2017). This 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 vessels (Chen et al.
2023; Hapke and Haake 2020; Muz et al. 2015; Shen et al. 2024). This generates a hypoxic
tumor microenvironment, with oxygen concentrations reaching as low as 0.1% (Losman,
Koivunen, and Kaelin 2020). In response, cancer cells activate a range of adaptive mechanisms
to thrive in this microenvironment (Iser et al. 2017). Adaptation to hypoxia-induced
microenvironmental change is mediated by the hypoxia-inducible 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 metastasis (Fan et al. 2023; Hapke and Haake 2020; Huang
et al. 2017; Saxena, Jolly, and Balamurugan 2020).

Transcriptional regulation by HIF proteins is coordinated by a heterodimeric HIF
complex, compromising of two subunits, an oxygen-sensitive HIF-o subunit, and a
constitutively expressed oxygen-independent HIF- subunit, also known as aryl hydrocarbon
nuclear translocator (ARNT). Both HIF-a and B contain Per-Arnt-Sim (PAS) domains that
facilitate protein-protein interactions and are essential for the dimerization of the two subunits,
as well as a basic helix-loop-helix (b HLH) domain, which mediates DNA binding of the dimers
(Dengler, Galbraith, and Espinosa 2014; Springer et al. 2025). There are three isoforms of HIF-
a subunit, HIF-1a, HIF-2a, and HIF-3a, each exhibiting distinct tissue- and context-specific
functions (Abla et al. 2020). All HIF-a isoforms contain oxygen-dependent degradation
domains (ODDDs), which serve as targets for their oxygen-mediated hydroxylation by prolyl
hydroxylase domain-containing proteins (PHDs) (Abla et al. 2020). Both HIF-1a and HIF-2a
harbor two ODDDs in their N-terminal and C-terminal 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 transcriptional co-activators CREB-
binding protein (CBP) and histone acetyltransferase p300. In contrast, HIF-3a only possesses a
single ODDD and lacks a CTAD, suggesting a structurally and functionally distinct role
(Dengler et al. 2014).

Under normoxic conditions, PHDs hydroxylate two conserved proline residues in the
ODDDs in HIF-a proteins; Pro402 and Pro564 in HIF-1a, and Pro405 and Pro531 in HIF-2a,
triggering the recognition and binding of von Hippel-Lindau protein (pVHL), a subunit of the
E3 ubiquitin ligase complex, which induces HIF-a ubiquitination and subsequent proteasomal
degradation by the 26S proteosome (Fig. 1.5) (Abla et al. 2020; Huang et al. 2017). However,
under hypoxia, PHDs are inactive due to the lack of oxygen. This prevents HIF-a hydroxylation
and subsequent degradation, allowing HIF-a stabilization, nuclear translocation, and
dimerization with HIF-1B. The heterodimer recognizes and binds to the core consensus
sequence 5°-(A/G)CGTG-3’ within hypoxia-response elements (HREs) in the promoter of
target genes (Dengler et al. 2014; Huang et al. 2017; Saxena et al. 2020). The 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 established (Hapke 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-1a-positive cells (Saxena et al. 2020). Indeed, HIFs can promote
EMT and invasion via multiple mechanisms, including the modulation of EMT signaling
pathways, and direct transcriptional regulation of EMT TFs (Hapke and Haake 2020; Shen et
al. 2024). For instance, in gliomas, hypoxia promotes the recruitment of resident or infiltrating
myeloid cells. These immune cells release cytokines and growth factors, such as TGFf, which
in turn initiate EMT and upregulate core EMT TFs (Iwadate 2016). Notably, both HIF-1a and
TGFP have been shown to reciprocally enhance each other’s activation in cancer cells (Hapke
and Haake 2020). Hypoxia not only activates signaling cascades that drive EMT TFs expression
but also directly induces their transcription. The promoter regions of key EMT TFs, including
SNAIl, ZEB1/2, and TWIST1, harbor conserved HREs, which are recognized and directly
bound by HIF-1, thereby initiating EMT program, and promoting cancer cells invasion (Hapke
and Haake 2020; Majc et al. 2020; Saxena et al. 2020; Shen et al. 2024).

Normoxia 5 Hypoxia
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Figure 1.5. Overview of the HIF signaling pathway. HIF-1a is hydroxylated by PHDs enzymes under
normoxia, which activates its pVHL-mediated ubiquitination followed by proteasomal degradation.
Under hypoxia, PHDs become inactive, HIF-1a is stabilized, translocates to the nucleus, binds to HIF-
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1B, and together with their transcriptional co-activators regulate target genes, such as EMT TF genes.
Modified from BioRender.com

1.1.3. EMT TFs

The molecular and phenotypic changes associated with EMT are governed by core EMT
TFs, namely SNAI1/2, ZEB1/2 and TWIST1/2 (Fig. 1.3). Their levels are tightly controlled
through transcriptional, post-transcriptional, post-translational, epigenetic, and metabolic
mechanisms. The level and activity of EMT TFs in turn determine the cell state along the EMP
spectrum and influence the extent and reversibility of the EMT phenotype (Haerinck et al.
2023). These TFs can also regulate one another and often share and cooperate at some sets of
target genes, however, the inhibition of a single TF has been shown to be sufficient to block
EMT in vitro (Gonzalez and Medici 2014; Yang et al. 2020). Moreover, the same TF can
function as both transcriptional repressor and activator, depending on its binding partners and
the chromatin-modifying enzymes recruited to the target genes (Haerinck et al. 2023). In
addition to the well-characterized core EMT TFs, a growing number of additional regulators
have been identified that contribute to EMT induction and the acquisition of invasive and
migratory capabilities, although their detailed functions are not well elucidated (Saitoh 2023;
Youssef et al. 2024). These include forkhead box C1 (FOXCI), paired-related homebox 1
(PRRX1), YAP/TAZ, TCF3, among others, many of which function within broader
developmental or oncogenic signaling pathways (Haerinck et al. 2023; Lambert and Weinberg
2021; Lu and Kang 2019; Yang et al. 2020). In GBM, other key regulators of mesenchymal
transition have been recognized, including STAT3, nuclear factor kappa-light chain-enhancer
of activated B cells (NF-xB), BCL2L2, and WWTRI1 (Karsy et al. 2016; Kubelt et al. 2015),
further highlighting the complexity and tumor-specific modulation of the EMT program.

1.1.1.3. SNAI family

Snail proteins are a family of zinc-finger transcription factors, compromising of three
members, SNAII (Snail), SNAI2 (Slug), and SNAI3 (Smuc). Among them, Snail’s role in EMT
is the most studied in various developmental and pathological contexts, including
tumorigenesis, and it is the primary focus of this study.

1.1.1.3.1. Snail TF

The Snail protein has a rapid turnover with a reported half-life of approximately 25
minutes, and its levels are tightly regulated both transcriptionally, post-transcriptionally, and
post-translationally. Its expression is upregulated by several TFs, such as Smads, NF-xB, HIF-
la, or Glioma-associated oncogene homolog 1 (GLI1), among others, following TGF, WNT,

and other ligands binding to their receptors, or upon hypoxic conditions (Babaei et al. 2021;
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Saitoh 2023; Youssef et al. 2024). Moreover, Snail expression could be modulated at post-
transcriptional levels, via miRNAs (Cano and Nieto 2016), or via chemical modifications of
bases in the RNA sequence (M. Sun et al. 2022), resulting in its degradation, instability, or
translation inhibition (Dong and Wu 2021). At the post-translational level, glycogen synthase
kinase 3 beta (GSK-3B) functions as a negative regulator of Snail stability and activity.
Activated GSK-33 phosphorylates Snail at two phosphorylation motifs, the first targets Snail
for cytoplasmic translocation, while the second promotes its ubiquitination and proteasomal
degradation (Dong and Wu 2021; Huang et al. 2022; Lu and Kang 2019; Zhou et al. 2004). In
contrast, upstream kinases ERK and AKT, activated by RTKs and TGFp (discussed in detail in
section 1.2.2.2.1), phosphorylate GSK-3f at Ser9, leading to its inactivation (Lamouille et al.
2014). This results in Snail stabilization, nuclear retention, and EMT induction.

Snail is upregulated in breast, lung, and GBM tumors, among other cancer entities. Its
upregulation is associated with EMT induction, elevated mesenchymal marker levels and
increased invasive and metastatic potential (Iser et al. 2017; Jeschke et al. 2021; Saitoh 2023;

Smith et al. 2014).

1.1.3.1.1.1. Snail target genes
Functionally, Snail as a master regulator, can both repress and activate gene

transcription (Fig. 1.6). It recognizes and binds to the multiple conserved E-box motifs in the
promoter of CDH1 (E-cadherin), and recruits complexes such as the Polycomb repressive
complex 2 (PRC2), which coordinate CDH1 transcriptional silencing (Dongre and Weinberg
2019; Lamouille et al. 2014; Villarejo et al. 2014). It also represses other epithelial genes
including Claudins (CLDNs), Occludin (OCLN), Cytokeratins, and Mucins, which are involved
in tight junction integrity and apical-basal polarity. (Babaei et al. 2021; Iwadate 2016;
Lamouille et al. 2014; Lu and Kang 2019). Conversely, 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. 2024), it can also control its own
expression (Peird 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 zinc-dependent endopeptidases, which encompasses 23
members. The dysregulation of their activity has been heavily implicated in tumor progression
(Cabral-Pacheco et al. 2020; Cox 2021; Khalili-Tanha et al. 2025; M. Li et al. 2023; Niland,
Riscanevo, and Eble 2021). They can exert both pro-tumorigenic and anti-tumorigenic

functions. Among other functions, they promote EMT by cleaving E-cadherin, 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 induction (Cabral-Pacheco et al.
2020; Cox 2021; Khalili-Tanha et al. 2025; M. Li et al. 2023; Niland et al. 2021). MMPs are
also classified based on their substrate preference (Cabral-Pacheco et al. 2020; Khalili-Tanha
et al. 2025; M. Li et al. 2023; Niland et al. 2021). For instance, MMP7 belongs to the
Matrilysins, which digest variable ECM components, including Fibronectin, laminin, and
proteoglycans. MMP13 is a collagenase, which degrades triple-helical fibrillar collagen, while
MMP15 is part of Membrane-type MMPs (MT-MMPs), which have collagenolytic activity, but
also target different ECM components (Cabral-Pacheco et al. 2020).

Notably, MMP7 has been extensively associated with EMT induction, Snail
upregulation, invasion, and metastasis, irrespective of the upstream stimuli or signaling
pathways involved (Cheng 2022; Ma et al. 2018; Sizemore and Keri 2012; Z. Sun et al. 2022;
Y. Wuetal. 2019; Zhang et al. 2017). Its knockdown via gene silencing markedly reduces EMT
features, migratory and invasive behavior, and metastatic potential in colorectal, prostate, lung
and breast cancer models (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 cells (Ala-Aho et al. 2002), has been correlated with
EMT induction, and invasion across various cancer models, including osteosarcoma (Huang et
al. 2020; Ren, Minami, and Nishita 2011), head and neck carcinoma (Ho et al. 2023), GBM
(Inoue et al. 2010), fibrosarcoma (Ala-Aho et al. 2002), lung cancer (Chang et al. 2021), as well
as breast cancer (Aftab 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 survival (Wang 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 (Inoue et al. 2010), and reduces migration and lung metastasis in thyroid
carcinoma cells, whereas its overexpression promotes invasion in various tumor models (J.-R.
Wang et al. 2013; X. Zhao et al. 2015). Few reports have shown that MMP15 is highly
expressed in primary and metastatic cervical cancer and hepatocellular carcinoma (HCC)
samples compared to normal tissues (M.-H. Wu et al. 2020; Zheng et al. 2019). Its knockdown
results in reduced proliferation and EMT, by suppressing Ki67, Vimentin, N-cadherin and
ZEBI levels, it also decreases migration and invasion (Lin et al. 2013; Zheng et al. 2019; Zuo

et al. 2020). Interestingly, MMP15 has been frequently reported to be regulated by long-non-
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coding RNAs and miRNAs in cancer (Jia 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 also re-depositing, cross-linking, and stiffening
of collagens (Fang et al. 2014). Depositing of collagen destabilizes cell-polarity and cell-to-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, cisplatin-resistant NSCLC, and irradiated breast cancer. Indeed
COL3AL1 has been shown to be an independent poor prognostic factor for overall survival in
these cancer models (Gao et al. 2016, 2018; Lihuai Wang et al. 2022; Yao et al. 2022; Zhang,
Zhang, and Wang 2020; Zhou et al. 2022). In addition, COL8A?2 is overexpressed in GBM
samples compared to normal counterparts, and it has been associated with shorter overall
survival (Cheng et al. 2021). Both COL3A1 and COL8A2 expressions have been associated
with increased migration and invasion in multiple tumor models (Cheng 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. 2022). In the contrary, the expression and
role of COL14ALl 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. 2010), breast cancer (Uddin and Wang 2022), and others (Fu 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 2002). Created by Biorender.com

1.1.1.3.2. Slug TF

SNAI2 (Slug), another member of the SNAIL family, also represses CDH1 by directly
binding to the E-box sequence (CAGGTG/CACCTG) in the CDH1 promoter (Lamouille et al.
2014; Saitoh 2023; Villarejo et al. 2014). However, while Snail is often upregulated by TGFf
in various tumors, TGFB-induced Slug expression seems to be less typical (Saitoh 2023). Still,
Slug has been implicated in various tumors, associating with invasion, and metastasis (Iwadate
2016). For example, Slug overexpression promotes GBM cells proliferation and invasion in
vitro, and enhances angiogenesis and growth in vivo (Yang et al. 2010).

1.1.14. TWIST family

TWISTI1 and TWIST2 are highly conserved transcription factors belonging to the
TWIST subfamily of the bHLH family of TFs. Their expression is usually induced following
TGFB non-canonical signaling activation (Saitoh 2023). In addition, hypoxia or HIF-1a
overexpression can induce TWIST transcription through direct binding of HIF-1a to HREs in
the proximal promoter regions of TWIST1/2, thereby activating the EMT program (Iser et al.
2017; Saitoh 2023). TWIST1/2 also repress CDHI expression, in addition to directly activating
CDH2 (N-cadherin) gene, Fibronectin, and SNAI2 (Iwadate 2016; Saitoh 2023). TWIST1
expression is positively correlated with breast carcinoma progression, where it enhances EMT,
invasiveness and dissemination (Saitoh 2023). Additionally, elevated TWIST1 levels are also
observed in gliomas, where it promotes PMT process, as well as invasion and parenchymal

infiltration (Iser et al. 2017; Iwadate 2016). Furthermore, HGF-mediated TWIST1 induces
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EMT onset and acquired tyrosine kinase inhibitors resistance in NSCLC (Kumar et al. 2024),

and TWIST1 has also been associated with poor prognosis in lung cancer (Zeng et al. 2015).

1.1.1.5. ZEB family

ZEBI1 and ZEB?2 are zinc-finger E-box-binding homeobox TFs. They are induced by
several external cues, including TGFp, WNT signaling, and hypoxia, and could regulate or be
regulated by Snail and Twist (Iser et al. 2017; Majc et al. 2020; Saitoh 2023). ZEB1/2 exert
their repressive function by binding to the spaced E-box consensus sequence 5'-CANNTG-3'
on the CDHI1 promoter (Debnath et al. 2022; Majc et al. 2020; Saitoh 2023). Their
transcriptional repression of CDH1 and other epithelial markers is mediated by the recruitment
of various co-repressor complexes, histone deacetylases, and histone methyltransferases, which
collectively establish a repressive chromatin environment at epithelial gene loci (Majc et al.
2020). They activate plenty of mesenchymal genes, such as Vimentin, and collagens, thereby
increasing motility and invasion of aggressive cancer cells, such as GBM cells (Iser et al. 2017;
Iwadate 2016). Canonical TGFB-induced ZEB2 expression also promotes Fibronectin and
COLS5A1 expression, which further enhances GBM cell invasion (Majc et al. 2020).
Conversely, ZEB1 knockdown dramatically reduces GBM cells tumorigenicity and
invasiveness (Iwadate 2016). Moreover, elevated ZEB1/2 expression has been observed in

TNBC, often in parallel with ERK and NF-xB pathway activation (Saitoh 2023).

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 deprivation, and hypoxia
(Brunner and Finley 2023; Drapela and Gomes 2021; Pérez-Gonzalez 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 cancer (Jiang, Fang, and Tian 2025; Kodama
et al. 2020; Pavlova, Zhu, and Thompson 2022; Trejo-Solis et al. 2023). Glucose and glutamine,
which serve as the primary carbon and nitrogen sources, are heavily consumed by cancer cells.
Notably, increased glucose influx sustains aerobic glycolysis, while glutamine addiction
replenishes TCA cycle intermediates, and fuel biosynthetic and bioenergetic pathways (Han et
al. 2013).

Importantly, such metabolic reprogramming not only support cellular proliferation and
growth, but metastasizing 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 sites (Bergers and Fendt 2021; Han et al. 2013; Jia et al. 2021; Jiang et al.
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2025; Pérez-Gonzélez et al. 2023; Schwager et al. 2022). For instance, metastasis-initiating
cancer cells often increase aerobic glycolysis, commonly known as the Warburg effect (Fendt
2024), concurrent with a downregulation of oxidative phosphorylation (OXPHOS) (Drapela
and Gomes 2021; Jiang et al. 2025; M. Li et al. 2019; Liaghat et al. 2024). Moreover, highly
migratory, mesenchymal-like breast cancer cells exhibit elevated glycolytic activity, in contrast
to their slower, more epithelial-like counterparts, which rely more heavily on OXPHOS
(Schwager et al. 2022).

Accumulating evidence underscores a strong reciprocal crosstalk between metabolic
rewiring and EMT and invasion (Bergers and Fendt 2021; Jiang et al. 2025; Pérez-Gonzélez et
al. 2023). On one hand, cells undergoing EMT acquire mesenchymal and motile traits that
demand metabolic flexibility, orchestrated by EMT-inducing signals and transcription factors,
to facilitate adaptation and survival. On the other hand, beyond 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 process (Jia et al. 2021; Krieg et al. 2024). For instance,
pyruvate uptake by breast cancer cells promotes their metastatic colonization of the lungs
through indirectly upregulating the activity of enzymes that mediate collagen biosynthesis and
ECM deposition (Elia et al. 2019), highlighting the crosstalk between metabolism, EMT and
metastasis. These interconnections are dynamic and context-dependent, shaped by
microenvironmental cues, transcriptional, post-translational, and epigenetic programs. This
complexity presents a significant challenge but also a promising opportunity for development
of targeted combinatorial therapies that exploit metabolic vulnerabilities in metastasizing
cancer cells (Han et al. 2013; Jia et al. 2021).

1.2.1. The pleiotropic functions of a-KG

a-Ketoglutarate (a-KG), also known as 2-oxoglutarate (2-OQG), 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
as shown in Fig. 1.7. Beyond its central role in energy metabolism, a-KG participates in a wide
spectrum of metabolic and signaling pathways. Its diverse, pleiotropic functions are highlighted
in Fig. 1.8.

1.2.1.1. 0-KG production and metabolic function

a-KG is generated through the oxidative decarboxylation of isocitrate, catalyzed by IDH
enzymes. This reaction is reversible in the case of NADP*-dependent IDH isoforms, IDH1 and
IDH2, both function as homodimers, localized in the cytoplasm and the
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mitochondria/peroxisomes, respectively. Isocitrate conversion in the TCA cycle by the
mitochondrial NAD*-dependent IDH3 isoform, which consists of three subunits (o,  and vy)
and functions as a heterooctamer, also produces a-KG (Abla et al. 2020; Chen et al. 2022; Sun
et al. 2020), which undergoes irreversible oxidative decarboxylation to succinyl-CoA and CO:
by a-KG dehydrogenase (a-KGDH), also known as 2-oxoglutarate dehydrogenase (2-OGDH)
(Wu et al. 2016).

a-KG is not exclusively produced within the TCA cycle, in fact, its intracellular levels
and homeostasis are dynamically regulated by several interconnected metabolic pathways. The
a-KG pool is also regulated by glutaminolysis (Fig. 1.7), in which glutamine is first deaminated
by glutaminase (GLS) to yield glutamate, which is subsequently converted to o-KG and
ammonia by glutamate dehydrogenase 1 and 2 (GLUD1/2, also known as GDH1/2) (Abla et al.
2020; Legendre et al. 2020; Zdzisinska, Zurek, and Kandefer-Szerszefi 2017). Additionally,
glutamine can be transaminated to a-ketoglutaramate (KGM), an intermediate ketoacid, which
is further hydrolyzed by w-amidase to generate a-KG and ammonia (Abla et al. 2020; Guo et
al. 2022). Moreover, glutamate pyruvate transaminases (GPT1/2) and glutamate oxaloacetate
transaminases (GOT1/2) generate o-KG in addition to pyruvate or oxaloacetate following
reversible transamination reactions of glutamate, respectively (Abla et al. 2020; Zdzisinska et
al. 2017). Glutamate could also be converted into a-KG by branched-chain aminotransferases
(BCAT1/2), which catalyze reversible transamination of branched-chain a-keto acids (BCKAs)
to branched-chain 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 biosynthesis pathway, can also participate in a-KG homeostatic levels,
through catalyzing the conversion of 3-phosphohydroxypyruvate and glutamate into 3-
phosphoserine and a-KG (Li, Copeland, and Le 2021; Shu, Liu, and Wang 2025). Glutamine-
derived 0-KG then feeds into the TCA cycle to sustain energy production, or to produce
biosynthetic molecules through anaplerotic reactions (Fig. 1.7) (Abla et al. 2020; Conza, Tsai,
and Ho 2019). Once generated, a-KG can be transported between cellular compartments, to
meet diverse metabolic demands. In particular, a-KG traverses the outer mitochondrial
membrane through passive diffusion via voltage-dependent anion channels (VDAC), and
crosses the inner mitochondrial membrane through the oxoglutarate carrier (OGC), also known
as a-KG / malate antiporter (Abla et al. 2020; Zdzisinska et al. 2017).

Due to the existence of various metabolic reactions responsible for a-KG synthesis and
consumption, it places this unique metabolite in the center of diverse metabolic processes (Fig.

1.7). As a key TCA cycle intermediate, a-KG plays a fundamental role in cellular energy
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metabolism by generating NADH and FADHo, both of which are essential electron donors for
the mitochondrial electron transport chain, ultimately driving OXPHOS, and adenosine
triphosphate (ATP) production. Beyond its role in bioenergetics, a-KG serves as a critical
precursor for amino acid synthesis (Fig. 1.7), particularly for glutamate, which in turn is
converted into glutamine, proline, and arginine (Abla et al. 2020; Legendre et al. 2020). It is
worthy to highlight that glutamine is an essential energy source for most proliferating cells,
compromising over 60% of the total amino acid pool, emphasizing the importance of a-KG as
a precursor of glutamine and amino acids (Wu 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). In addition, a-KG contributes significantly to lipid metabolism (Fig. 1.7)
when glucose catabolism is impaired, and pyruvate import into the mitochondria is impeded.
Under such metabolic stress, glutamine-produced o-KG is converted via reductive
carboxylation into acetyl-CoA, a key substrate for fatty acid and lipid biosynthesis (Abla et al.
2020). This ability to fuel both reductive and oxidative pathways of the TCA cycle highlights
the pivotal role of 0-KG in supporting the bioenergetic and biosynthetic needs of proliferating
cells (Abla et al. 2020).

A byproduct of aerobic cellular respiration and OXPHOS is the accumulation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), which, when uncontrolled, induce
oxidative stress that can be detrimental for the cells. To mitigate oxidative stress, cells employ
several anti-oxidative defense strategies and there is growing evidence for the function of a-
KG as an antioxidant molecule. Owing to its ketone group, a-KG directly scavenges reactive
species such as hydrogen peroxide and superoxide by undergoing non-enzymatic oxidative
decarboxylation, yielding succinate, carbon dioxide, and water (Abla et al. 2020; Legendre et
al. 2020). In addition, 0-KG neutralizes cyanide toxicity through formation of a-ketoglutarate-
cyanohydrin, a less toxic intermediate. Furthermore, a-KG enhances the enzymatic activity of
antioxidant enzymes though the precise molecular pathways remain under investigation (Abla
et al. 2020; Legendre et al. 2020; S. Liu, He, and Yao 2018; Zdzisinska et al. 2017). However,
several reports have been shown that a-KG could indirectly promote ROS accumulation in
cancer cells, likely through its incorporation into the TCA cycle and the subsequent OXPHOS
and electron transport chain. In particular, electron leakage at complexes I and III contributes
to excessive ROS generation (Choi et al. 2025; Murphy 2009; Tretter and Adam-Vizi 2004;
Wu et al. 2023; Zhao et al. 2019).
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Figure 1.7. Overview of the enzymes and transporters governing o-KG homeostasis. a-KG cellular
levels are regulated either by cytoplasmic or mitochondrial enzymes, via glutaminolysis, or TCA cycle,
which either produce or consume a-KG. This metabolic control is required for ATP production, fatty
acids and amino acids synthesis, and ROS regulation. a-KG levels are also controlled subcellularly via
transporters that shuttle it between the mitochondria and the cytosol. Adapted from (Abla et al. 2020;
Bogiircii-Seidel 2018; Zdzisinska et al. 2017). Created with BioRender.com

1.2.1.2. Co-substrate function for a-KG dependent dioxygenases

In addition to its metabolic functions, a-KG serves as a co-substrate for a superfamily
of enzymes known as a-ketoglutarate dependent dioxygenases (a-KGDDs), also referred to as
2-oxoglutarate-dependent dioxygenases (2-OGDDs). This protein family comprises over 60
members, all of which catalyze similar hydroxylation reactions, yet regulate a wide range of
biological functions by acting on a broad spectrum of substrates including histones, DNA,
RNA, proteins, and lipids (Losman et al. 2020). Through these diverse targets, a-KGDDs
regulate the fate of normal and cancer cells. These enzymes require oxygen, ferrous (Fe*") iron,
and ascorbate (Vitamin C) in addition to a-KG, for catalytic activity, positioning them as
cellular sensors for changes in oxygen levels, metabolic homeostasis, and Fe?* redox status
(Salminen, Kauppinen, and Kaarniranta 2015). While sharing common co-substrates, different
a-KGDDs exhibit varying affinities for each substrate, offering a regulatory mechanism for
controlling subsets of a-KGDDs based on the availability of co-substrates (Losman et al. 2020).
The catalytic domain and hydroxylation activity of a-KGDDs are highly conserved across
substrates (Losman et al. 2020). Although ascorbate is not a direct participant in the catalytic

reaction, it is essential for reducing oxidized Fe*" and Fe*" back to Fe** following the release of
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the hydroxylated substrate, and restoring the activity of the a-KGDDs (Kuiper and Vissers
2014; Smith-Diaz et al. 2025). The hydroxylated product can then undergo further non-
enzymatic modifications such as demethylation (Kuiper and Vissers 2014; Losman et al. 2020;
Zdzisinska et al. 2017).

There is mounting evidence that a-KGDDs are heavily implicated in various cancer
hallmarks. In this context, our focus is to highlight the link between a-KG and EMT, invasion,
and metastasis, via the activity of a-KGDDs. The dysregulation of a-KGDD function in cancer
could arise through genetic alterations, including mutations, amplifications, or deletions of their
encoding genes. Their activity could also be perturbed by mutations in a-KG-producing or -
consuming enzymes, or by fluctuations in cofactor availability. In particular, loss-of-function
mutations in genes encoding succinate dehydrogenase (SDH), and fumarate hydratase (FH),
lead to excessive buildup of succinate and fumarate, respectively. Neomorphic mutations in
IDH1/2, which frequently arise in diffuse astrocytomas, oligodendrogliomas, and leukemias,
convert a-KG into the oncometabolite D-2-hydroxyglutarate (D-2-HG). Hypoxia can also
induce the production of L-2-hydroxyglutarate (L-2-HG), primarily through LDHA (Intlekofer
et al. 2015; Struys 2013). These aberrantly accumulated oncometabolites inhibit a-KGDD
activity by competing with a-KG binding (Intlekofer et al. 2015; Kuiper and Vissers 2014;
Losman et al. 2020; Salminen et al. 2015; Struys 2013). Furthermore, ROS impair a-KGDDs
activity, partly by oxidizing Fe** to Fe**, disrupting the enzymes' catalytic function (Kuiper and
Vissers 2014; Salminen et al. 2015, 2015).

Notably, the a-KGDDs family comprises 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 various levels, and collagen synthesis (Fig. 1.8) (Zdzisinska et al. 2017). By influencing
these processes, a-KGDDs serve as critical links between cellular metabolism and the
transcriptional, epigenetic, and structural adaptations that underlie tumor progression and

dissemination.
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Figure 1.8. Overview of a-KG pleiotropic activities and a schematic of a-KGDDs reactions and
subfamilies. 0-KG is involved in fatty acid and amino acid synthesis, oxidative stress suppression and
induction, inhibition of ATP synthase, as well as the activation of a-KGDDS. The reaction of a-KGDDs
is presented along with the three subfamilies, classified based on their cellular functions. Based on
(Baksh and Finley 2021; Losman et al. 2020). Created with BioRender.com

1.2.1.2.1. The connection of a-KG to hypoxic response

As described in Section 1.1.2.2., the HIF pathway is central to tumor progression and
metastasis. Importantly, the PHD subfamily of a-KGDDs plays a fundamental role in sensing
and responding to oxygen deficiency. Three genes encoding for PHD enzymes (PHD1-3) are
also known as egg laying defective nine (EGLNI-3) genes after the C. elegans orthologues.
However, it is important to highlight that the gene numbering do not match in both gene
nomenclature systems (Huang et al. 2017). PHD2 is encoded by the EGLNI gene, while PHD1
by EGLN2. PHDs are considered as oxygen sensors, as they have low affinity for oxygen,
meaning that slight changes in oxygen levels, dramatically affect PHDs activity (Losman et al.
2020). Their inhibition prevents HIF-a hydroxylation and subsequent degradation, allowing
HIF-a stabilization, nuclear translocation, dimerization with HIF-1B, and transcriptional
activation of target genes (Fig. 1.5) (Abla et al. 2020; Gaete et al. 2021; Huang et al. 2017,
Losman et al. 2020; Yu et al. 2021; Zdzisinska et al. 2017).
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Although HIFs are the primary substrates of PHDs, several HIF-independent functions
of PHDs have been identified. For instance, PHD1 has been linked to inflammation, as it was
established that it could hamper NF-«B signaling pathway. Hyperactive NF-kB signaling
promotes tumor invasion in various tumors, including GBM (Pouyan et al. 2025). In the inactive
state, the NF-kB subunits p65 and p50 are sequestered in the cytoplasm by inhibitor of kB (IxB)
proteins. Upon TNF-a stimulation, the IkB kinase (IKK) complex phosphorylates kB proteins
on specific serine residues, marking them for ubiquitination and degradation. This releases the
NF-«xB subunits to freely translocate to the nucleus and activate the transcription of target genes
involved in inflammation, immune responses, cell survival and EMT. Interestingly, IKKf}
harbors a conserved LXXLAP motif, which resembles the prolyl hydroxylation sites in HIF-a,
suggesting that PHD1 could inhibit the kinase activity of the IKK complex through
hydroxylation of IKKp at proline 191, although this remains to be confirmed biochemically
(Cockman et al. 2019; Cummins et al. 2006; Oliver, Taylor, and Cummins 2009; Scholz and
Taylor 2013).

Another a-KGDDs enzyme involved in HIF-a regulation is factor inhibiting HIF-1
(FIH1), an asparaginyl hydroxylase. FIH1 hydroxylates Asn803 in the CTAD of HIF-a,
preventing its interaction with the transcriptional co-activators CBP and p300, consequently
suppressing HIF-mediated transcription (Losman et al. 2020). It is worth noting that FIH1 has
an intermediate affinity to oxygen, allowing it to remain active under moderately hypoxic
conditions, which are detrimental for PHD activity, but becomes inactive under more severe
oxygen deprivation (Losman et al. 2020).

Previous work from our laboratory had focused on IDHI WT GBM, lung and breast
cancer cells and investigated the impact of IDH1 depletion on invasion and metastasis, upon
hypoxic incubation or TGFf stimulation (Fig. 1.9) (Bogiircii-Seidel 2018). It was demonstrated
that IDH1 depletion in U§7MG GBM cells significantly reduces intracellular a-KG levels. To
assess the functional consequences of IDH1 loss, tumor growth and invasiveness were assessed
in vivo. Intracranial injection of control and IDH]1-silenced G55 human GBM cells revealed
that IDH1 depletion promotes local tumor invasiveness and subsequently brain tumor growth.
Moreover, orthotopic transplantation of IDH1-deficient MDA-MB-231 breast cancer cells into
the mammary fat pad of immunocompromised mice had no effect on primary tumor growth,
but significantly increased lung metastatic nodules, compared to control cells. Furthermore,
IDH1 knockdown significantly enhanced GBM cells invasiveness in vitro. Mechanistically,
IDHI1 loss results in elevated levels of HIF-1a and HIF-2a following hypoxic exposure, across

GBM, lung, and breast cancer cell lines. Similarly, Snail protein levels are strongly induced
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upon IDH1 knockdown and TGF stimulation. Interestingly, a-KG supplementation attenuates
HIF-1a and HIF-2a levels and activity, as evidenced by reduced HIF-a protein levels, as well
as the expression of their downstream targets, highlighting the suppressive role of a-KG in
modulating hypoxic responses. Importantly, IDHI1 regulates HIF-o in a PHD-dependent
manner, as IDH1 knockdown-induced HIF-a expression is abrogated upon overexpressing an
undegradable mutant form of HIF-10, which carries point mutations at the PHD hydroxylation
sites (mPPN>%), preventing its hydroxylation by PHDs. Given that PHDs can also inhibit NF-
kB signaling pathway, NF-kB activity was investigated upon IDH1 knockdown. Indeed, NF-
KB activity was enhanced in IDH]1-silenced cells, as demonstrated by nuclear accumulation of
the p65 (RelA) subunit, and increased expression of NF-kB target genes. Interestingly,
knockdown of HIF-1/2a, but not of the p65 subunit, partially suppresses both Snail protein and
mRNA levels. These findings suggested that a-KG regulates Snail expression at least in part
via the PHD-HIF axis, while also implicating the involvement of other signaling pathways in

this regulatory network.
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Figure 1.9. The impact of IDH1 knockdown on EMT, invasion, tumor growth, and metastasis.
IDHI1 depletion reduces a-KG levels, and enhances tumor growth and metastasis, as well as EMT and
cellular invasion. IDH1 knockdown induces Snail expression partially through PHD-HIF but not NF-
kB signaling pathway (Bogiircii-Seidel 2018). Created with BioRender.com
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1.2.1.2.2. The roles of a-KG in epigenetic modifications

Histone, DNA and RNA modifications are critical determinants of gene expression and
cancer progression. The addition or removal of chemical groups on histone residues, such as
methylation, phosphorylation, acetylation, ubiquitination, and succinylation, is a dynamic
process that 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 cofactors.

Maintenance of histone lysine methylation is regulated by two classes of enzymes,
histone methyltransferases and lysine demethylases (KDMs). Nearly 30 KDMs have been
identified and are classified into two families based on their mechanism of action, and into eight
subfamilies according to their sequence homology, domain types, mode of activation, and
substrate specificity (Eckschlager, Vicha, and Frolikova 2025; Gray et al. 2025; Zdzisinska et
al. 2017). Importantly, KDM2-8 family members that contain a Jumonji C (JmjC) domain are
a-KGDDs. They can remove mono-, di-, and tri-methyl groups from lysine residues. In contrast,
KDMI1 family members are flavin adenine dinucleotide (FAD)-dependent enzymes and limited
to demethylating mono- and di-methylated lysines.

Perturbation of DNA methylation is a key feature of cancer cells. Tumors commonly
exhibit global DNA hypomethylation, which contributes to oncogene activation and genomic
instability, alongside focal hypermethylation at specific promoters, leading to silencing of
tumor suppressor genes (Bray et al. 2021; Casalino and Verde 2020). DNA methylation
typically occurs at cytosine residues within CpG islands, often found in gene promoters
(Casalino and Verde 2020; Zacapala-Gomez et al. 2024). The addition of a methyl group at the
S-position of cytosine (5SmC) is associated with transcriptional repression. a-KG-dependent
Ten-Eleven Translocation (TET) enzymes oxidize 5SmC in the genes’ promoters and enhancers
to 5-hydroxymethylcytosine (5hmC), and further to S5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) (Bray et al. 2021; Zacapala-Gomez et al. 2024). 5fC and 5caC are
excised by thymine-DNA glycosylase (TDG), which hydrolyzes the bond between the base and
deoxyribose ring generating abasic sites. These sites are then replaced by unmodified cytosines
via the Base-Excision Repair (BER) pathway (Zacapala-Gomez et al. 2024).

Epigenetic regulation also extends to the post-transcriptional level. N6-methyladenosine
(m6A) is the most abundant internal mRNA modification, influencing RNA splicing, stability,
translation, and nuclear export (Qu et al. 2022; Zaccara, Ries, and Jaffrey 2019). This

modification is dynamically regulated by methyltransferases, readers and binding proteins, and
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removed by a-KG-dependent demethylases, such as fat mass and obesity-associated protein
(FTO) and alkB homolog 5 (ALKBHY).

Several studies have indicated that the expression and activity of these a-KGDDs are
deregulated in various cancer types, including brain, breast, and lung cancers. They exhibit dual
roles, as they can function as either suppressors or oncogenes, depending on their interacting
binding partners, as well as their target gene, and cellular environment (Bray et al. 2021; Hua
etal. 2021; Lietal. 2022; Qu et al. 2022; Yang et al. 2021). Importantly, they have been heavily
implicated in EMT regulation, invasion, and metastasis, highlighting another route of how
metabolic reprogramming can dictate tumor progression (Bray et al. 2021; Enkhbaatar et al.

2013; Jeschke et al. 2021; Li et al. 2022).

1.2.1.2.3. The function of a-KG in collagen synthesis

Collagen forms the ECM together with other structural proteins such as fibronectins,
laminins and elastins. It is the most abundant component, comprising 90% of the ECM (Gilkes,
Semenza, and Wirtz 2014; Huang et al. 2021). ECM remodeling, particularly increased
collagen deposition, has been implicated in cancer progression, EMT induction, migration, and
invasion (Gilkes et al. 2014; Huang et al. 2021). Collagen synthesis and stabilization are
initiated in the endoplasmic reticulum (ER) through the activity of the o-KG-dependent
collagen prolyl 4-hydroxylases alpha subunits (P4HA1-3), which associate with the beta
subunit P4AHB to form a functional tetramer composed of two alpha and two beta subunits. P4H
tetramers catalyze hydroxylation of proline residues within the repeating X-Pro-Gly motif on
each collagen strand, where X represents any amino acid. This produces 4-hydroxyproline, a
modification crucial for collagen triple helix formation. Improper hydroxylation results in
incomplete and irregular folding of the triple helices, leading to ER retention and subsequent
degradation of incorrectly folded procollagen (Gilkes et al. 2014; Wu et al. 2016). a-KG
availability is critical for PAHA activity, and its replenishment via enhanced pyruvate uptake,
has been shown to promote ECM deposition, tumor growth, and lung metastasis in breast cancer
models (Elia et al. 2019).

Additional a-KGDDs involved in collagen synthesis include the procollagen-lysine
2-oxyglutarate 5-dioxygenases (PLODI1-3), which hydroxylate lysine rather than proline
residues. These enzymes possess glucosyltransferase and galactosyltransferase domains, which
mediate the glycosylation of the collagen fibrils, required for proper basement membrane

formation (Salminen et al. 2015).
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1.2.1.3. 0-KG-mediated inhibition of the ATP synthase-mTOR pathway

A study by Chin et al., (2014) identified the ATP synthase subunit B as a novel direct
binding partner of a-KG. This binding inhibits ATP synthase activity, resulting in marked
reduction in ATP levels, ATP/ADP ratio, as well as oxygen consumption. The authors proposed
that a-KG-mediated inhibition of ATP synthase suppresses mechanistic target of rapamycin
(mTOR), also known as mammalian target of rapamycin, a cellular energy and nutrient sensor.
Consistent with this, o-KG treatment results in reduced TOR activity, as evidenced by
decreased phosphorylation of its downstream targets, P70S6K and 4EBP1 (Chin et al. 2014; Fu
et al. 2015). Similarly, oligomycin treatment, or ATP5B knockdown decreases ATP levels and
TOR activity (Chin et al. 2014; Fu et al. 2015). ATP synthase is an evolutionary conserved
enzyme, as further discussed in section 1.2.2.1, suggesting that a-KG inhibition of this enzyme
is likely a universal mechanism. Similarly, perturbations in a-KG levels, via accumulation of
the oncometabolite D-2-HG, similarly inhibited ATP synthase, lowered ATP levels, and mTOR
activity, and reduced cell viability (Fu et al. 2015).

These findings highlight the pleiotropic functions of a-KG, extending beyond its
classical role in intermediary metabolism and cellular signaling, by exerting a counterintuitive
inhibitory effect on the ATP synthase—-mTORCI signaling axis. These observations led us to
investigate if a-KG may regulate Snail expression, the EMT phenotype, and invasiveness,

through modulating this pathway.

1.2.2. The ATP synthase-mTOR signaling pathway

1.2.2.1. ATP synthase

ATP synthase, also known as F1F0-ATPase 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 activity (Vlasov et al.
2022). As ATP serves as the universal cellular energy currency, this rotatory enzyme embedded
in the inner mitochondrial membrane (IMM) is considered the “enzyme of life” (Nesci et al.
2019; Vlasov et al. 2022). During OXPHOS, high-energy electron carriers generated during
glycolysis and the citric acid cycle, donate electrons to the ETC complexes (I-IV). Through the
series of redox reactions, the released energy creates a proton gradient by pumping hydrogen
ions (H") from the mitochondrial matrix to the intermembrane space. This produces an electrical
potential difference 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 harnesses energy from 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
conserved with some variations in subunit composition and assembly across species. The
recently resolved human homolog comprises two main domains, the membrane-embedded
hydrophobic FO domain, and the matrix-facing hydrophilic F1 domain (Fig. 1.10). The FO
domain is composed of several subunits; a barrel-like c8-rotor ring, ATP6 or a, ATP8 or A6L,
subunits e, f, g, diabetes-associated protein in insulin-sensitive tissue (DAPIT), and 6.8-kDa
proteolipid (6.8PL), which collectively facilitate proton translocation across the IMM. The F1
domain consists of 333 subunits and governs ATP synthesis. These two domains are connected
by central stalk made of subunits vy, 8, and ¢, rotating with the c-ring during proton translocation,
and a stationary peripheral stalk, composed of F6, b, d, and oligomycin sensitivity-conferring
protein (OSCP) (Lai et al. 2023; Vlasov et al. 2022). Flowing of protons through F0 along the
electrochemical potential gradient drives the rotation of the ¢8 ring, along with the central stock,
which acts as a rotor shaft inside of the F1 domain, triggering its rotation and conformational
changes catalyzing ATP synthesis (Lai et al. 2023; Saita et al. 2015; Vlasov et al. 2022). Despite
the name OSCP, this protein is not targeted by oligomycin. However, as part of the peripheral
stalk that connects both domains of ATP synthase, it mediates oligomycin inhibitory effect to
the whole enzyme. In fact, oligomycin binds to and inhibits the c8 ring as well as the ATP6
subunit of the FO domain, preventing the flow of protons, whereas a-KG binds to the beta
subunit of F1, reducing ATP production (Fig. 1.10) (Antoniel et al. 2014; Chin et al. 2014;
Hearne et al. 2020; Symersky et al. 2012). Interestingly, ATP synthase exists predominantly as

a dimer in mammalian mitochondria, which enhances its functionality (Lai et al. 2023).
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Figure 1.10. Overview of ATP synthase structure and a-KG and oligomycin target sites. OXPHOS
and ETC flow are shown on the left, whereas the structure and the components of human ATP synthase
domains F1 and FO are shown on the right. a-KG binds to the beta subunit of F1 domain, while
oligomycin to the ¢8 ring and the ATP6 subunit of the FO domain. Created with BioRender.com

1.2.2.2. mTOR

mTOR 1is an evolutionarily conserved serine/threonine kinase belonging to the
phosphoinositide 3-kinase related kinase (PIKK) family. It acts as a master regulator of cell
growth, metabolism, proliferation, and survival. By integrating both intracellular and
extracellular signals, mTOR 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 homeostasis, its dysregulation has been
linked to a wide range of diseases, namely, cancer, diabetes, and aging (Laplante and Sabatini
2013). mTOR is the catalytic core of two structurally and functionally distinct multi-protein
complexes (Fig. 1.11), named mTOR complex 1 (mTORCI), and mTOR complex 2
(mTORC2). mTORCI consists of mTOR, regulatory-associated protein of mMTOR (RAPTOR),
mammalian lethal with sec-13 protein 8 (mLST8), proline-rich AKT substrate 40 kDa
(PRAS40), and DEP-domain-containing mTOR-interacting protein (DEPTOR) (Liu and
Sabatini 2020; Panwar et al. 2023). RAPTOR is indispensable for mTORC1 function, such that
its dissociation from mTOR effectively suppresses mTORCI1 activity. Moreover, it is also
responsible for targeting mTOR to the surface of the lysosomes for proper functioning (Liu and
Sabatini 2020; Panwar et al. 2023). In contrast, mTORC2 contains mTOR, rapamycin-
insensitive companion of mTOR (RICTOR), mammalian stress-activated MAPK-interacting
protein 1 (mSIN1), protein observed with Rictor-1 (PROTOR-1), as well as mLSTS, and
DEPTOR, both of which are shared components between mTORC1 and mTORC2, acting as
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positive and negative regulators, respectively (Liu and Sabatini 2020; Panwar et al. 2023;
Zoncu, Efeyan, and Sabatini 2011).

mTORCI 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
FKBP12-rapamycin binding (FRB) domain of mTOR, allosterically preventing substrate access
and suppressing mTORCI activity. mTORC?2 is insensitive to acute rapamycin treatment, as
RICTOR partially masks the FRB domain of mTOR, blocking FKBP-rapamycin binding.
However its response to rapamycin is context- and time-dependent, as prolonged treatment with
rapamycin can indeed inhibit mTORC?2 in a subset of tissues and cell lines (Mossmann, 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 formation (Battaglioni et al. 2022;

Zoncu et al. 2011).

mTORC2

Figure 1.11. Overview of mTORC1 and mTORC?2 structure. The shared subunits include the
catalytic subunit mTOR, the positive regulator mLST8, and the negative regulator DEPTOR. Specific
mTORCI1-subunits are RAPTOR and PRAS40, whereas RICTOR, mSIN1 and PROTORI1 are specific
for mTORC2. Adapted from (Panwar et al. 2023). Created with BioRender.com

1.2.2.2.1. mTORCI1 upstream regulators

The activation of mTORCI is orchestrated through a complex integration of growth
factor signals, nutrient availability, and cellular energy levels (Fig. 1.12). Growth factors, such
as insulin or insulin-like growth factors (IGFs) activate RTKs, which initiate the PI3K-AKT
signaling cascade. PI3K catalyzes the conversion of phosphatidylinositol-4,5-bisphosphate
(PIP2) into phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 recruits phosphoinositide-
dependent kinase 1 (PDK1) to the plasma membrane, where PDK1 phosphorylates AKT.
Active AKT promotes mTORC1 by mainly phosphorylating and inactivating the tuberous

sclerosis complex (TSC), a protein complex composed of TSC1, 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 GTPase. The GTP-bound form of Rheb directly interacts
with mTORCI1 and strongly induces its kinase activity. As a Rheb GAP, the TSC complex
impairs mTORCI1 activity by converting Rheb into its inactive GDP-bound state. Thus, the
PI3K-AKT-TSC pathway activates mTORC1 by locking Rheb in its active GTP-bound state,
through TSC inhibition. Interestingly, mTORC2 also phosphorylates AKT, which in turn
stimulates mTORC1 function (Panwar et al. 2023; Saxton and Sabatini 2017). mTORCI1
activity is also modulated by other upstream signals. The Ras-MAPK pathway, through
ERK1/2 and p90 ribosomal S6 kinase (RSK1) activation, downstream of RTKs, also targets
TSC2, phosphorylating it at distinct sites to those targeted by AKT (Laplante and Sabatini 2013;
Mendoza, Er, and Blenis 2011). This similarly suppresses TSC2 GAP activity, enhancing
mTORC1 activation. ERK and RSK additionally phosphorylate RAPTOR, enhancing
mTORC1 s ability to phosphorylate downstream targets like 4E-BP1, contributing to oncogenic
growth (Mendoza et al. 2011). Amino acids, notably leucine, arginine and glutamine, as well
as glucose induce mTORCI1 activation, via the RAS-related GTP-binding proteins (RAGs).
Activated RAGs interact with RAPTOR, driving mTORCI translocation to the lysosome,
where the endogenous mTOR activator Rheb resides and promotes mTORCI1 activation
(Laplante and Sabatini 2013; Mendoza et al. 2011; Panwar et al. 2023).

mTORCI1 activity is also sensitive to changes in energy levels. Energy stress, such as
limited glucose availability, and 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 through multiple mechanisms. First it phosphorylates TSC2 at
Thr1271 and Ser1387, enhancing the GAP activity of the TSC complex, which in turn promotes
the conversion of Rheb to its inactive GDP-bound state, thereby inhibiting mTORCI activity.
Second, AMPK directly phosphorylates RAPTOR on Ser722 and Ser792 (Battaglioni et al.
2022). This phosphorylation disrupts the interaction between RAPTOR and mTOR, further
reducing mTORCI1 activity (Battaglioni 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 ATP-binding pocket in the catalytic site of mTOR kinase domain. This has important
pharmacological implications, as ATP-competitive 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

mTORC?2, as opposed to the allosteric inhibition of rapamycin, which exerts a partial and
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selective inhibition of mMTORCI1 and has minimal impact on mTORC2 (Ali et al. 2022; Amin
et al. 2021).
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Figure 1.12. Overview of mTORCI1 upstream and downstream signaling pathways from TGFp
receptors and RTKSs to Snail gene regulation. mTORCI1 is regulated downstream of TGFf, RTKs,
amino acids, and ATP synthase-AMPK through RAS-RAF-MEK-ERK and PI3K-AKT. mTORCI1
controls c-Myc translation via P70S6K and 4EBP1, which regulate mRNA translation. mTORCI
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regulates FoxK1 and FoxK2 through the inhibition of GSK3, reducing FoxK1/2 phosphorylation and
enabling their nuclear translocation. Created with BioRender.com

1.2.2.2.2. Major mTORCI1 substrates

mTORCI1 and mTORC?2 exert their functions either through direct phosphorylation of
their targets, or indirectly through downstream signaling effectors. The best characterized
mTORCI] substrates are ribosomal protein S6 kinase 1 (S6K1), also known as P70S6K, and
elF4E binding protein 1 (4EBP1) (Fig. 1.12), both of which are important regulators of protein
translation. They are also widely used as readouts of mMTORCI1 activity, due to the availability
of antibodies that specifically recognize the phosphorylated forms of these two proteins.

P70S6K is phosphorylated by mTORCI at the Thr389 residue, leading to its subsequent
phosphorylation at Ser229 and activation by PDK 1. 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 initiation factor 4F (elF4F), a protein complex comprising of eIF4E,
elF4A, and the scaffold protein elF4G. This complex recruits the small ribosomal subunit 40S
to mRNA to start cap-dependent translation initiation. P70S6K promotes the activity of e[F4A,
an RNA helicase required for unwinding the secondary structures in 5’ untranslated regions
(UTRs) of many mRNAs. This is achieved via phosphorylation-dependent 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 activity (Liu
and Sabatini 2020; Panwar et al. 2023; M. Yang et al. 2022; Zoncu et al. 2011). Importantly,
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 initiation and ribosome biogenesis (M.
Yang et al. 2022).

The second major mTORCI substrate, 4EBP1, also plays a pivotal role in translation.
When it is unphosphorylated, 4EBP1 binds to eukaryotic mRNA cap-binding protein/
translation initiation factor 4E (elF4E), blocking the binding of eIF4G, and preventing the
formation of translation initiation complex elF4F, thereby suppressing translation initiation. In
contrast, upon mTORCI activation, 4EBP1 undergoes sequential phosphorylation, initially at
Thr37/Thr46, followed by Ser65/Thr70, which induces its dissociation from elF4E. This allows
elF4E to associate with the scaffold protein eIF4G at the 5’ cap of target mRNAs (M. Yang et
al. 2022). Intriguingly, while the initial phosphorylation of 4EBP1 at Thr37/Thr46 can still

occur in the presence of FKBP-rapamycin-bound 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 mTORCI1, which explains the incomplete inhibitory effect of rapamycin on 4EBP1
function (Battaglioni et al. 2022).

1.2.2.2.3. Other mTORC1 substrates
Given mTORCI’s critical role in coordinating protein synthesis, its dysregulation is
closely linked to tumor growth, proliferation, invasion, and metastasis, often through
upregulation of translation of specific mRNAs encoding oncogenic TFs, invasion-related
proteins, and EMT regulators (Mossmann et al. 2018; Saxton and Sabatini 2017). Among them
c-Myc and forkhead box K1/2 (FoxK1/2) have been shown to directly regulate SNAI1 gene
expression, thereby controlling a mesenchymal phenotype and tumor progression (Chen et al.

2017; Smith et al. 2009; H. Xu et al. 2018).
1.2.2.2.3.1. The mTORC1-MYC-SNAI1 axis

c-Myc (MYC) is a well-characterized proto-oncogene that is frequently activated in
different cancer types. c-Myc functions as a heterodimeric TF, as it binds to Max TF, through
its basic-region/helix-loop-helix/leucine-zipper (BR/HLH/LZ) motif (Chen, Liu, and Qing
2018). They regulate the expression of thousands of genes, by binding to the conserved E-box
DNA sequence (5’-CACGTG-3’) located in the target genes regulatory regions (Chen et al.
2018; Dhanasekaran et al. 2022). c-Myc activation contributes to many hallmarks of cancer,
including metabolism, and invasiveness (Dhanasekaran et al. 2022). c-Myc is regulated at
genetic, epigenetic, post-transcriptional, and post-translational levels. Indeed, it has been
established that MYC mRNA translation is regulated by PI3K-AKT-mTORCI1 pathway (Fig.
1.12) (Chen et al. 2018). Its levels are upregulated following insulin stimulation (West,
Stoneley, and Willis 1998), whereas they are dramatically reduced with knockdown or
pharmacological inhibition of the PI3K-AKT-mTORCI1 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 P70S6K (Chen et al. 2018;
West et al. 1998; Yun et al. 2016). c-Myc is also regulated at post-translational levels. Notably,
mTORC?2 and its downstream activated AKT kinase prevent c-Myc protein degradation by
inhibiting GSK-3B-mediated c-Myc-T58 phosphorylation (Stengel et al. 2022).

c-Myc has been reported to directly bind to consensus E-box elements in the promoter
of the SNAI1 gene, as well as its TSS, as determined by ChIP-qPCR in breast cancer cells
(Smith et al. 2009). This binding occurs prior to TGF stimulation, but is required for rapid
SNALII activation upon Smads binding (Smith et al. 2009), highlighting the cooperative action
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of c-Myc and Smads. Consistent with this, c-Myc has been implicated in the regulation of Snail
expression, and subsequent N-cadherin and vimentin upregulation, as well as E-cadherin
suppression, promoting migration and invasion, in various cancer types (X. Lin et al. 2017;
Runze Wang et al. 2022; Zhai et al. 2018). Interestingly, c-Myc can also regulate Snail
expression and stability indirectly at post-translational level. Namely, c-Myc activates the
ERK1/2 signaling pathway, which in turn phosphorylates GSK-3, a direct negative regulator
of Snail, preventing the subsequent phosphorylation and degradation of the Snail protein

(Huang et al. 2015).

1.2.2.2.3.2. The mTORC1-FOXK-SNAI1 axis
Other recently identified mTORCI targets are the FoxK TFs, through which mTORC1

regulates 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 winged-helix DNA binding domains. FoxK1 and FoxK2 share the DNA binding Fox
domain, which recognizes and binds to the highly conserved DNA motif 5'-GTAACA-3’, and
the forkhead-associated domain (FHA), which enables phospho-dependent protein—protein
interactions (Yu et al. 2022).

Notably, FoxK1 is an unusual target of mTORCI, as it has been demonstrated that
mTORCI1 suppresses FoxK1 phosphorylation rather than stimulating it (He et al. 2018;
Nakatsumi, Matsumoto, and Nakayama 2017). Mechanistically, when mTORCI is inactive,
FoxK1 is phosphorylated by GSK-3p at several serine sites, including S402/S406. This
phosphorylation facilitates 14-3-3 scaffold proteins recognition and binding, which masks its
nuclear localization signal (NLS), resulting in nuclear exclusion of FoxK (He et al. 2018). In
addition, increased phosphorylation of FoxK1 impedes its DNA-binding affinity (He et al.
2018; Sakaguchi et al. 2019). Upon mTORCI activation, GSK-3 is inhibited through P70S6K
phosphorylation (Zhang et al. 2006), FoxK1 phosphorylation is suppressed, enhancing its
nuclear translocation and its increased transcriptional activity (Fig. 1.12) (He et al. 2018).
Importantly, FoxK1 translocation to the nucleus is dependent on the activation of AKT-
mTORCI1 rather than the ERK-mTORCI1 pathway, following insulin, or growth factors
stimulation (Sakaguchi et al. 2019). In contrast, although FoxK2 is also phosphorylated by
GSK-3p and dephosphorylated by mTORC1 at S415/S419, it predominantly localizes to the
nucleus, even in the absence of stimulation, and its precise regulation by mTORC1 remains less
well understood and warrants further investigation (He et al. 2018; Sakaguchi et al. 2019).

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

progression, proliferation, differentiation, apoptosis (Sakaguchi et al. 2019), autophagy
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(Bowman, Ayer, and Dynlacht 2014; Chen et al. 2020), angiogenesis and inflammation
(Nakatsumi et al. 2017), and metastasis (Peng et al. 2016; Zhang et al. 2019). FoxK1 mainly
acts as an oncogene in numerous tumor types, and its expression correlates with increased tumor
size, stage, grade, and metastasis (Wencong et al. 2020; H. Xu et al. 2018). Its overexpression
enhances glioblastoma cell invasion and migration by directly binding and upregulating the
expression of SNAIl (H. 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 marker E-cadherin and upregulation of the
mesenchymal markers N-cadherin and Vimentin (Zheng et al. 2020). Similar findings have
been reported in gastric cancer, where its overexpression results in EMT induction and
enhanced migration and invasion (Peng et al. 2016).

While FoxK1 generally promotes tumor progression, various reports suggest that
FoxK2 mainly functions as a tumor suppressor (Nestal de Moraes et al. 2019; Wang et al. 2018;
Zhaojun Wang et al. 2022; Yu et al. 2022). For instance, FoxK2 expression is significantly
downregulated in high grade glioma, breast, lung, and gastric cancers. Its higher expression is
correlated with improved overall survival (Chen et al. 2017; X. Liu et al. 2018; Shan et al. 2016;
Wang et al. 2018). Moreover, FoxK2 overexpression directly represses Snail and N-cadherin,
inhibiting EMT and invasiveness in NSCLC (Chen et al. 2017). Additionally, FoxK2 depletion
enhances, while its overexpression inhibits glioma and gastric cancer cells proliferation, EMT
induction, invasion, and migration (X. Liu et al. 2018; Wang et al. 2018). Furthermore, FoxK2
knockdown significantly enhances primary and secondary tumor growth in an orthotopic breast
cancer mouse model (Shan et al. 2016). Conversely, FoxK2 is significantly overexpressed in
human colorectal cancer (CRC) and HCC tissues, and is further upregulated in metastatic
tissues compared with primary tissues (Du et al. 2019). Its high expression is correlated with
worse prognosis, advanced stage, and tumor vascular invasion (Du et al. 2019; M.-F. Lin et al.
2017). Notably, FoxK2 transcriptionally activates ZEB1, promoting EMT, and hepato-lung
metastasis in CRC. Likewise, FoxK2 induces cell migration, and invasion by upregulating the
expression of Snail, and c-Myc (Kong et al. 2020; M.-F. 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 treatments, encompassing surgical resection, chemotherapy, and radiotherapy,
these primary and secondary brain neoplasms remain incurable, often associated with poor
prognosis and limited survival (van 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 settings, the use of these treatment modalities for brain metastases
has not yet reached clinical approval, and is often extrapolated from systemic disease approvals
(Schaff and Mellinghoff 2023; Suh et al. 2020). EMT and invasiveness are key characteristics
of these tumors and great contributors to the initial step of brain metastasis (Liaghat et al. 2024;
Liang et al. 2025; Lu et al. 2025; Lu and Kang 2019; Margarido et al. 2022), as well as to poor
GBM clinical outcome and therapy failure (Fedele et al. 2019; Iser et al. 2017; Iwadate 2016;
Seker-Polat et al. 2022; Xia 2025). EMT is a dynamic and reversible process regulated by
diverse signaling pathways that 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
particular, we have previously demonstrated that the modulation of cellular a-KG levels by
IDH1 depletion enhances cellular invasion, migration, and metastasis, in addition to
upregulation of Snail expression at both the transcript and protein levels (Bogiircii-Seidel 2018).
These observations have been primarily observed under hypoxic condition, as well as following
TGFP stimulation, both well-established EMT inducers.

The research presented in this thesis aimed first to gain a deeper understanding of the
reciprocal crosstalk of EMT and metabolism. First, by defining the TGFp-mediated EMT
induction and metabolic changes, and secondly, by examining the function a-KG in the
regulation of Snail expression, EMT/PMT induction, and invasion in brain, breast, and lung
cancer models. A key objective was also to identify Snail-regulated targets through which a-
KG exerts its effects. Moreover, we expanded our investigations on IDHI1-dependent EMT
modulation in various tumor models in vitro, and in lung cancer in vivo. Another major goal
was to determine whether and how the ATP synthase-mTORCI1 axis could act as an a-KG-
dependent Snail regulatory pathway through c-Myc, FoxK1, or FoxK2, possibly in concert with
the PHD-HIF signaling axis. Finally, we aimed to evaluate the clinical relevance of IDH1 and
Snail expression levels across 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 Sigma-Aldrich, 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: Immunofluorescence, ChIP:
Chromatin immunoprecipitation)

Antigen Species Company Order number Dilution

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

Snail (C15D3) Rabbit Cell Signaling 1879 WB: 1:500
(monoclonal) | Technology

Slug (C19G7) Rabbit Cell Signaling 0585 WB: 1:1000
(monoclonal) | Technology

Vimentin Mouse WB: 1:2000
(monoclonal) Pako MO725 IF: 1:500

E-cadherin Mouse BD WB: 1:1000
(monoclonal) | Biosciences 010181 IF: 1:50

N-cadherin Mouse BD WB: 1:1000
(monoclonal) | Biosciences 610520

IDHI Goat Santa Cruz sc-49996 WB: 1:1000
(Polyclonal) Biotechnology

IDH1 Rat Dianova Dia-W09 WB: 1:500
(monoclonal)

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

HIF-1a Mouse Novus Bio NB100-105 ChIP: 1:100
(monoclonal)

HIF-2a Rabbit Novus Bio NB 100-122 WB: 1:500
(Polyclonal)
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HIF-1B Rabbit Novus Bio NB100-110 ChIP: 1:100
(Polyclonal)
c-Myc Mouse Santa Cruz WB: 1:500
) sc-42
(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
sc-40 X
(monoclonal) | Biotechnology
P70 S6 Kinase Rabbit Cell Signaling 9202 WB: 1:1000
(polyclonal) Technology
Phospho-p70 S6 Rabbit Cell Signaling 9205 WB: 1:1000
Kinase (Thr389) (polyclonal) Technology
4EBP1 (53HI11) Rabbit Cell Signaling 9644 WB: 1:10000
(monoclonal) | Technology
P-4EBP1 (Th37/46) | Rabbit Cell Signaling 5855 WB: 1:5000
(236B4) (monoclonal) | Technology
P-4EBPI (Ser65) Rabbit Cell Signaling 0451 WB: 1:5000
(Polyclonal) Technology
AMPKoa Rabbit Cell Signaling 2603 WB: 1:1000
(monoclonal) | Technology
P- AMPKa Rabbit Cell Signaling 5535 WB: 1:1000
(monoclonal) | Technology
P-AMPK substrate | Rabbit Cell Signaling 5759 WB: 1:1000
motif (monoclonal) | Technology
FoxK1 Rabbit WB: 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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Phospho-AKT Rabbit Cell Signaling 0271 WB: 1:1000
(Serd73) (polyclonal) Technology
Rabbit Santa Cruz WB: 1:1000
ERK2 (c-14) . sc-154
(polyclonal) Biotechnology
Mouse Santa Cruz WB: 1:1000
pERK1/2 (E-4) ‘ sc-7383
(monoclonal) | Biotechnology
Phospho-Tuberin/ | Rabbit Cell Signaling 5584 WB: 1:1000
TSC2 (Ser1387) (Polyclonal) Technology
Phospho-Raptor Rabbit Cell Signaling 2083 WB: 1:1000
(Ser792) (Polyclonal) Technology
Rabbit Cell Signaling WB: 1:1000
Raptor 2280
(Monoclonal) | Technology
Histone 3 (D1H2) Rabbit Cell Signaling 2499 WB: 1:10000
XP (monoclonal) | Technology
Tri-methyl-Histone | Rabbit . WB: 1:2000
Cell Signaling
H3 Lys27 (monoclonal) 9733 ChIP: 1:500
Technology
(C36B11)
Tri-methyl-Histone | Rabbit o WB: 1:2000
Cell Signaling
H3 Lys36 (D5A7) (monoclonal) 4909
Technology
XP
Tri-methyl-Histone | Rabbit Cell Signaling 9751 WB: 1:2000
H3 Lys4 (C42D8) (monoclonal) | Technology ChIP: 1:100
Histone3Lysine27ac | Rabbit ChIP: 1:500
Abcam ab4729
(polyclonal)
a-Tubulin (DM1A) | Mouse Dianova DLN09992 WB: 1:10,000
(monoclonal)
a-Tubulin (DM1A) | Mouse Santa Cruz WB: 1:5000
) sc-32293 HRP
(monoclonal) | Biotechnology
IgG Rabbit Cell Signaling 5790 ChIP: 1:500
(Polyclonal) Technology

2.1.2.2.

Secondary antibodies

Table 2.2. Secondary antibodies (WB: Western blotting, IF: Immunofluorescence)
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Antibody Company Order number | Dilution
Goat anti-Rabbit IgG (H+L)-HRPO Dianova 111-035-144 WB: 1:5000
conjugated

Goat IgG anti-Mouse IgG+IgM (H+L)- | Dianova 115-035-146 WB: 1:5000
HRPO conjugated

F(ab")2 Rat IgG (H&L) Antibody Rockland 712-1333 WB: 1:5000
Peroxidase Conjugated Pre-Adsorbed

Goat anti rat IgG, 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 Multicolor High Range Protein Ladder, Thermo Scientific, #26616.

PageRuler Prestained Protein Ladder, Thermo Scientific, #26625.

2.1.3.2. DNA ladders

100 bp DNA Ladder, Invitrogen, #15628-018.

GeneRuler 1 kb Plus DNA Ladder, Thermo
2.1.4. Antibiotics

Scientific, #SM1333.

All the stock solutions were sterile filtered before use (0.22 um, Sarstedt, #83.1826.001).

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 pg/mL
Aldrich distilled water

Table 2.4. Antibiotics used for selection of mammalian cells

Antibiotic Company | Catalog | Stock

Final Concentration

B 010 PBS

number | Solution Cells Concentration
Puromycin InvivoGen | Ant-pr-1 | 10 mg/mL in | U87MG 500 ng/mL
Eli“lf)e]is MDA-MB-231- | 500 ng/mL

POR

MDA-MB-231 500 ng/mL

VIM-RFP

LLCI 6 ng/mL
Hygromycin | Invitrogen | 10687- 50 mg/mL in | US7MG 10 pg/mL
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Blasticidin S | Invitrogen | R210-01 | 6 mg/mL in | MDA-MB-231- | 6 ug/mL
MDA-MB-231- | 6 ng/mL
VIM-RFP
A549-VIM-RFP | 6 ng/mL
Plasmocin InvivoGen | ant-mpt- | 25 mg/mL USTMG 12.5t037.5
1 ng/mL
Plasmocure | InvivoGen | ant-pc 100 mg/mL | MDA-MB-231- | 50 pg/mL
POR
Amphotericin | Sigma- A2942 250 pg/mL GBM cells in 500 ng/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
(M)
Rapamycin mTOR | LC R-5000 10 mM in DMSO | 10
laboratories
u0126 MEK InvivoGen | tlrl-u0126 | 20 mM in DMSO | 10
LY294002 PI3K InvivoGen | tlrl-1y29 20 mM in DMSO | 20
SB431542 TGFB Tocris 1614 10 mM in DMSO | 10
Oligomycin ATP sigma 4876 25mM in DMSO |5
synthase
Dorsomorphin | AKT Cayman 11967 5 mM in DMSO 5
and Chemical
AMPK
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2.1.6. Primers

2.1.6.1.

qPCR) primers

Reverse transcription quantitative polymerase chain reaction (RT-

Table 2.6. List of RT-qPCR primers used in this study (for: forward, rev: reverse)
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Primer Sequence (5°-3") Gene function/
group

IDH1 for AGAAGCATAATGTTGGCGTCA

IDHI1 rev CGTATGGTGCCATTTGGTGATT

IDH2 for ACACGTGGCCTGGAGCACCG

IDH2 rev CACATTGCTGAGGCCGTGAATGC

IDH3A for ACTGGTGGTGTTCAGACAGT

IDH3A rev TGAATGGCAGTGACGTTCCG

GOT1 for GTCCAGTACCACCAAAGTAGTTCTC

GOT1 rev GGCTCTAATCCCAGTCTCCAAA

GOT?2 for GTGGATGGTGGTGAGTGGAT

GOT2 rev TCTGAGAAACATTCAAATGCTGA

GPT for GTGCGGAGAGTGGAGTACG Human o-KG
producing

GPT rev GATGACCTCGGTGAAAGGCT
enzymes

GLUDI for AGGAAAGGGAATGACCTGCC

GLUDI rev GCACATCAACCACTGCACAC

BCAT!I for CAACTATGGAGAATGGTCCTA

BCATI rev TGTCCAGTCGCTCTCTTCTCT

BCAT?2 for GCTCAACATGGACCGGATG

BCAT2 rev CCGCACATAGAGGCTGGTG

PSATI for TCCTCAAACTTCCTGTCCAAGC

PSATI rev CAGCAGGTCATCACGGACAATC

OGDH for GGAATCAGCACTTCCTCTGC

OGDH rev ACGTAGTCCACGCCATTCTC

SNAII (SNAIL) for CTTCCAGCAGCCCTACGAC

SNAII (SNAIL) rev CGGTGGGGTTGAGGATCT Human EMT

SNAI2 (SLUG) for CGGACCCACACATTACCTTG transcription

SNAI2 (SLUG) rev CAAATGCTCTGTTGCAGTGAG factors

ZEBI1 for CCTGAAGAGGACCAGAGG




ZEBI rev TATCACAATATGGACAGGTGAG
ZEB?2 for AACAAGCCAATCCCAGGAG
ZEB2 rev ACCGTCATCCTCAGCAATATG
TWISTI for CTACGCCTTCTCGGTCTGG
TWISTI rev CTCCTTCTCTGGAAACAATGAC
TWIST?2 for AGCAAGATCCAGACGCTCAAG
TWIST2 rev GGAGAAGGCGTAGCTGAGG

CDHI1 (E-CADHERIN)

for

ATTTTTCCCTCGACACCCGAT

CDH1 (E-CADHERIN) TCCCAGGCGTAGACCAAGA
rev Human EMT
CDH2 (N-CADHERIN) GGTGGAGGAGAAGAAGACCAG markers
for
CDH2 (N-CADHERIN) GGCATCAGGCTCCACAGT
rev
FOXK1 for CTTCCAGGAGCCGCACTTCTA
FOXKI1 rev AACTGGATCTTGATGGCCGTG
Human Snail
FOXK2 for CGCCCCTGACCATCAACATT
upstream
FOXK2 rev CTTGTACCCTGAAGACCCCG
regulators
C-MYC for CTTGTTGCGGAAACGACGAG
C-MYC rev ACTCAGCCAAGGTTGTGAGG
MMP7 for TGTATGGGGAACTGCTGACA Human Snail
downstream
targets
MMP7 rev GCGTTCATCCTCATCGAAGT
COL14A1 for AGCATGGGACCGCAAGGC
COL14A1 rev GACGCGCCACTGATCTCACC
MMP15 for CAAGCCCATCAGTGTCTGG
MMP15 rev TGGTGCCCTTGTAGAAGTAGG
HPRT1 for TATGGCGACCCGCAGCCC
Human
HPRTI rev GCAAGACGTTCAGTCCTGTCCAT _
housekeeping
ACTB for AGAAAATCTGGCACCACACC
genes
ACTB rev AGAGGCGTACAGGGATAGCA
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m-idh1- for CCAGTCGCTGTTACCGTATGT Mouse a-KG
m-idhl-rev TCCACCACAGAACCTCCTTG producing
enzyme

mSnail- for CTGCTTCGAGCCATAGAACTAAAG

mSnail-rev GAGGGGAACTATTGCATAGTCTGT

mSnai2- for CCTCCAAGAAGCCCAACTAC

mSnai2-rev GGGTAAAGGAGAGTGGAGTG Mouse.EIYIT
transcription

mZebl- for CTTACGGATTCACAGTGGAGAG factors

mZebl-rev GTGAGCTATAGGAGCCAGAATG

mZeb2- for CTCATTCTGGGTCCTACAGTTC

mZeb2-rev GGGAAGAACCCGTCTTGATATT

mEcad-for TTGGTGTGGGTCAGGAAATC

mEcad-rev GTGTCCCTCCAAATCCGATAC

mNcad-For AGTGGCAGGTAGCTGTAAAC Mouse EMT

mNcad-rev TGGCAAGTTGTCTAGGGAATAC markers

mVimentin- for CCCTGAACCTGAGAGAAACTAAC

mVimentin-rev CTCTGGTCTCAACCGTCTTAATC

m-Actb-for GGCTGTATTCCCCTCCATCG Mouse

m-Actb-rev CCAGTTGGTAACAATGCCATGT housekeeping

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

Primer Sequence (5'-3")

SNAI1-33/+58 for* GTACTTAAGGGAGTTGGCGG
SNAI1-33/4+58 rev* CCGATTCGCGCAGCAGTA
SNAI1+27/+122 for* GGTTCTTCTGCGCTACTGCT
SNAI1+27/+122 rev* ATTGGGGTCGGAGGGCTT
SNAII -556/-496 for CTCTGAGTGTTCTGTCCGGG
SNAII -556/-496 rev GCACCCGTTCCTTCCCTTAT
SNAI1 +120/+205 for ATCGGAAGCCTAACTACAGCG
SNAI1 +120/+205 rev GTCTCCCCCAAACCTCCTGG

* Selected from Choi et al. 2015
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2.1.6.3. Cloning PCR primers

Table 2.8. PCR primers used to amplify and clone part of the human SNAI1 promoter
Green: flanking sequence, blue: restriction enzyme site, black: SNAI1 promoter sequence.

Primer Sequence (5'-3")
Snail Pro#2 for ACGCGTAATCCTTCGGTGGCTCC
Snail Pro#2 rev CTCGAGGCAGAAGAACCACTCGCTA

2.1.7. Plasmids
The IDs of the laboratory's plasmid library are given in parentheses after the plasmid
names.
pCI-VSVG (A0097): Lentiviral packaging plasmid (2™ generation), expresses the envelope
vesicular stomatitis virus glycoprotein G (Addgene, #1733, Garry Nolan’s lab).
psPAX2 (A0098): Lentiviral packaging plasmid (2nd generation) coding the Gag and Pol genes
(Addgene, #12260, Didier Trono’s lab).
pGIPZ non silencing control (A0055): Lentiviral expression vector (non-targeting hairpin),
the non-silencing shRNA is a negative control for any transduction experiment performed using
GIPZ shRNA constructs in human and mouse cell lines. Sequence should not match any known
mammalian genes, however sequence is not available (Open biosystems, #RHS4346).
pGIPZ-shIDH1 (A0365): Short hairpin RNA against human IDH1 in pGIPZ lentiviral vector,
(Open biosystems, #V3LHS 320103).
Mature antisense: TGTTATCAAGCTTTGCTCT
pGIPZ-shidh1 #1 (A0919): Short hairpin RNA against mouse Idhl (sequence 1) in pGIPZ

lentiviral vector, (Open biosystems, #V2LMM 216812), targeting open reading frame (ORF).
Mature antisense: TTCTTTATAGCCTCTGCAG
pGIPZ-shidh1 #2 (A0920): Short hairpin RNA against mouse Idhl (sequence 2) in pGIPZ

lentiviral vector, (Open biosystems, #V3LMM 522512), targeting 3’-untranslated region (3’-
UTR). (used in preliminary knockdown efficiency experiments, but not shown).

Mature antisense: TTTTAGCTACACACATCCT

pGIPZ-shidh1 #3 (A0921): Short hairpin RNA against mouse Idhl (sequence 3) in pGIPZ

lentiviral vector, (Open biosystems, #V3LMM 522513), targeting 3’-untranslated region (3’-
UTR).
Mature antisense: AGCTACACACATCCTATCT
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pGIPZ-shidh1 #4 (A0922): Short hairpin RNA against mouse Idhl (sequence 4) in pGIPZ
lentiviral vector, (Open biosystems, #V3LMM 425008), targeting ORF. (used in preliminary
knockdown efficiency experiments, but not shown).

Mature antisense: TTCTTGTCATAGATCTCCT

pGIPZ-shSnail (A0260): Short hairpin RNA against human SNAII in pGIPZ lentiviral vector,
(Open Biosystems, #V2LHS 199873).

Mature antisense: ATATAAATACCAGTGTACC

PRL-SV40 (A0250): Renilla luciferase internal control reporter, contains SV40 enhancer and
early promoter elements, which has high Renilla luciferase signal (purchased from Promega)
Snail pGL2 (A0954): Mammalian expression vector, contains Snail promoter (-1045 to -56)
sequence upstream of firefly luciferase, (purchased from Addgene, #31694) (Fujita et al. 2003).
pGL3-control vector (A0267): Contains SV40 promoter and enhancer sequences, used as an
internal standard control (purchased from Promega, #E1741).

pGL3-Basic vector (A0618): Lacks promoter and enhancer sequences, allowing cloning
putative regulatory sequences and promoter sequences of interest. The expression of luciferase
activity depends on proper insertion and orientation of a functional promoter upstream from
luct+ gene (purchased from Promega, #E1751).

Snail pGL3#1 (A0956): created by cloning Snail promoter sequence from Snail pGL2
(Addgene, #31694) into pGL3-basic vector using Kpnl and HindIII restriction digestion
enzymes.

Snail pGL3#2 (A0975): created by cloning Snail promoter sequence amplified from human
genomic DNA, into pGL3-basic vector using Mlul and Xhol restriction digestion enzymes.
pSLIK-GFP (A0712): Mammalian expression vector, containing Tet-inducible expression of
green fluorescent protein (GFP), with mammalian selection via Hygromycin, used as a control
in overexpression experiments (Addgene, #66844) (Lewis et al. 2014).

pSLIK-IDH1-FLAG (A0713): Mammalian expression vector, containing Tet-inducible
expression of IDH1, with mammalian selection via Hygromycin (Addgene, #66802).

2.1.8. Short interfering RNAs (siRNAs)
siControl: SMARTPool ON-Targetplus Non-targeting Control siRNAs (Dharmacon, 001810-
10-05).
siHIF-1a: SMARTPool ON-Targetplus siRNA against human HIF-la (Dharmacon,
NM_181054).
siHIF-2a: SMARTPool ON-Targetplus siRNA against human HIF-2a (Dharmacon,
NM_001430).
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siSnail: SMARTPool ON-Targetplus siRNA against human Snail (Dharmacon,
NM_005985.3).

siRNA c¢-Myc: SMARTPool ON-Targetplus siRNA against human c-Myc (Dharmacon,
NM_002467).

siRNA FOXK1: SMARTPool ON-Targetplus siRNA against human FOXK1 (Dharmacon,
NM _001037165).

siRNA FOXK2: SMARTPool ON-Targetplus siRNA against human FOXK2 (Dharmacon,
NM_004514).

2.1.9. Ribonucleoprotein (RNP) crRNAs components
Table 2.9. Crispr RNAs (crRNAs) and guide RNAs (gRNAs) purchased from IDT

crRNA/gRNAs Sequence
Hs.Cas9.SNAIL.1.AA GCTGTAGTTAGGCTTCCGAT
Hs.Cas9.SNAIL.1.AC TCGGCTCCAGGAGAGTCCCA

Table 2.10. Commercial components from IDT

Reagent Catalog number
Alt-R CRISPR-Cas9 tracrRNA-ATTOS550 1077024
Alt-R S.p. HiFi Cas9 Nuclease V3 1081061
Nuclease-Free Duplex Buffer 1072570
Alt-R CRISPR-Cas9 HPRT Positive Control crRNA 1079132
Alt-R CRISPR-Cas9 Negative Control crRNA #1 1079138

2.1.10. Bacterial strains
One Shot® Stbl3™ chemically competent E. coli: This strain was used for cloning into

lentiviral vectors or luciferase vectors (Thermo Fisher Scientific, #C737303).
2.1.11. Cell lines

2.1.11.1.  Original cell lines
HEK?293T: established cell line derived from the embryonic human kidney line HEK293 by
stable transfection of the large T antigen (ATCC, #CRL-3216).
U87MG: established human glioblastoma cell line (ATCC, #HTB-14).
G5S5: established human glioblastoma cell line, kindly provided by M. Westphal and K.
Lamszus (Hamburg, Germany) (Hamel, Westphal, and Shepard 1993).
A549: established human lung carcinoma cells (ATCC, #CCL-185).

58



A549 VIM-RFP: established reporter human lung carcinoma cells (ATCC, #CCL-185EMT),
used as an EMT model, which harbors through CRISPR/Cas9 gene editing a C-terminal red
fluorescent protein (RFP) tag on the vimentin gene, enabling tracking of EMT status in vitro by
monitoring RFP expression.

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

LLC1: established mouse Lewis lung carcinoma cell line (ATCC, # CRL-1642).

H2030: established human lung adenocarcinoma cells (ATCC, #CRL-5914)

2.1.11.2.  Cell lines generated in 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 and re-seeded again from which the
invading cells were collected. After 10 rounds of selection of the most invasive cells, MDA -
MB-231 110 cells were isolated and sub-cultured.
MDA-MB-231 ni (non-invasive): 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 sub-cultured.
MDA-MB-231-POR (pLenti6-ODD-RLuc): Human breast carcinoma cell line (ATCC, #
HTB-26) transduced with a pLenti6 construct consisting of firefly luciferase under control of
HIF-20-ODDD (Safran et al. 2006), and constitutively active Renilla luciferase. Single cell
clone was created by Omelyan Trompak.
LLC1 pCDH B3: established mouse Lewis lung carcinoma cell line transduced three times
with the pCDH-EF 1a-eFFly-eGFP lentiviral construct (Addgene, #104834), allowing enhanced
green fluorescent protein (EGFP) detection in vitro, and luciferase detection for in vivo studies
(Sandhofer et al. 2015), created by Nazli Salik.
LLC1 pCDH B3 /sLP-mCherry B2: LLC1 pCDH B3 transduced two times with the lentiviral
construct of pcPPT-mPGK-attR-sLPmCherry-WPRE lentiviral construct, which secrets a
soluble form of mCherry, that is taken up by surrounding cells. This allows tracing of tumor
microenvironment cells in in vivo studies (Ombrato et al. 2019), created by Nazli Salik.
LLC1 pCDH B3 / sLP-mCherry B3: LLC1 pCDH B3 transduced three times with the
lentiviral construct pcPPT-mPGK-attR-sLPmCherry-WPRE, 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 in in vivo studies (Ombrato et al. 2019), created by Nazli Salik.

LLC1 sLP-mCherry B3: established mouse Lewis lung carcinoma cell line transduced three
times with the lentiviral construct pcPPT-mPGK-attR-sLPmCherry-WPRE (Ombrato et al.
2019), created by Nazli Salik.

H3030 pCDH B3: H2030 cells transduced three times with the pCDH-EF1a-eFFly-eGFP
lentiviral construct (Addgene, #104834), allowing EGFP detection in vitro, and luciferase
detection for in vivo studies (Sandhofer et al. 2015), created 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 RNP system,
or overexpression (OE) cell lines generated by lentivirus transduction or 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
U87MG shIDH1 Bogiircii-
pGIPZ shIDH1#3 ‘
Seidel
MDA-MB-231-POR co pGIPZ non Created by
silencing control Nuray
Moi 50, KD
MDA-MB-231-POR shIDHI1 Bogiircii-
pGIPZ shIDH1#3 ‘
Seidel
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ non
B3/ co L
silencing control pGIPZ
B3
. transduction
LLCI pCDH-EF1a-eFFly-eGFP Moi100/200, KD
pGIPZ shldh1#1 was done
B3/ shIDH1#1 B3
on 3 rounds
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ shldh1#2

B3/ shIDH1#2 B3
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LLC1 pCDH-EF1a-eFFly-eGFP

pGIPZ shldh1#3
B3/ shIDH1#3 B3
LLCI1 pCDH-EF1a-eFFly-eGFP
pGIPZ shidh1#4
B3/ shIDH1#4 B3
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ non

B3/ co
B2

silencing control

LLC1 pCDH-EF1a-eFFly-eGFP

pGIPZ shldh1#1 pGIPZ
B3/ shIDH1#1 B2
transduction
LLC1 pCDH-EF1a-eFFly-eGFP Moi100/200, KD
pGIPZ shldh1#2 was done
B3/ shIDH1#2 B2
on 2 rounds
LLCI pCDH-EF1a-eFFly-eGFP
pGIPZ shldh1#3
B3/ shIDH1#3 B2
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ shldh1#4
B3/ shIDH1#4 B2
LLCI pCDH-EF1a-eFFly-eGFP
pGIPZ non
B3/ co o
silencing control
B1
LLCI pCDH-EF1a-eFFly-eGFP
pGIPZ shidh1#1 pGIPZ
B3/ shIDH1#1 B1
transduction
LLC1 pCDH-EF1a-eFFly-eGFP Moi100/200, KD
pGIPZ shldh1#2 was done
B3/ shIDH1#2 B1
on 1 round
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ shidh1#3
B3/ shIDH1#3 B1
LLC1 pCDH-EF1a-eFFly-eGFP
pGIPZ shldh1#4
B3/ shIDH1#4 B1
LLC1 pCDH-EF1a-eFFly-eGFP pGIPZ non pGIPZ
B3/ sLP-mCherry B2/ co B1 silencing control Moil00, KD transduction
LLC1 pCDH-EF1a-eFFly-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 shIDH1#3
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H2030 pCDH-EF1a-eFFly-eGFP
B3/ co

pGIPZ non

silencing control

Moi 50, KD
H2030 pCDH-EF1a-eFFly-eGFP
pGIPZ shIDH1#3
B3/ shIDH1
U87MG co/co pGIPZ non U87MG co
silencing control and shIDHI
U87MG co/shSnail pGIPZ shSnail cells were
US7MG shIDH1/co pGIPZ non later
silencing control transduced
U87MG shIDH1/shSnail Moi 40+40 with
shSnail,
created by
pGIPZ shSnail
Nuray
Bogiirci-
Seidel
MDA-MB-231-POR co/co pGIPZ non MDA-MB-
silencing control 231-POR
MDA-MB-231-POR co/shSnail pGIPZ shSnail co and
MDA-MB-231-POR shIDH1/co pGIPZ non shIDH1
silencing control cells were
MDA-MB-231-POR later
shIDH1/shSnail Moi 50+50 transduced
with
shSnail,
pGIPZ shSnail
created by
Nuray
Bogiircu-
Seidel
U87MG pSLIK GFP (control) pSLIK-GFP Moi 10 Created by
U87MG pSLIK IDH1 Nuray
pSLIK-IDH1-
Moi 10 Bogiircii-
FLAG
Seidel
U87MG co negative control Indicated crRNA Created by
. KO, 15nM
(NCH#1) using RNP system Nuray
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U87MG co HPRT

U87MG shIDH1 negative control
(NCH#1)

US7MG shIDH1 SNAIl 1.AA

US7MG shIDH1 SNAII 1.AC

U87MG shIDH1 HPRT

Bogiirci-

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
SNAII 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 molecular cloning

Enzyme Company Order number
FastDigest Mlul Thermo Fischer Scientific FD0564
FastDigest Xhol Thermo Fischer Scientific FD0694
HindIII (10 U/uL) Thermo Fischer Scientific ER0501
Kpnl (10 U/uL) Thermo Fischer Scientific ER0522
2.1.13. Growth factors
Table 2.13. Growth factors used in cell culture
Growth factors Reagent Company | Order Stock Final
number | concentration | concentration
Animal-Free recombinant human | Peprotech | AF-100- | 200 pg/mL 20 ng/mL
EGF (epidermal growth factor) 15
Recombinant human FGF-basic | Peprotech | 100-18B | 200 pg/mL 20 ng/mL
(fibroblast growth factor)
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TGFp1

Peprotech

100-21C

10 mg/mL

5 ng/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 of ultrapure 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 in 10 cm petri

dishes in a horizontal flow hood. The plates were stored at 4 °C.

LB-broth medium: 20 g LB powder (Carl Roth, #X964.1) were dissolved in 1 liter of ultrapure

water and autoclaved at 121 °C for 15 minutes. The medium was stored at 4 °C.

2.1.14.2. Cell culture

Table 2.14. Medium, buffers, and reagents purchased ready-to-use

Solution Company Catalog number
1x Dulbecco’s Modified Eagle Medium | Gibco

(DMEM) high glucose, pyruvate 11993005
DMEM, high glucose, sodium pyruvate | Capricorn Scientific DMEM-HPA
Roswell Park Memorial Institute (RPMI) | Gibco

1640 11875-093
1x Dulbecco's Modified Eagle Gibco 11320033
Medium/Nutrient Blend F-12

(DMEM/F12)

Trypsin/EDTA Gibco 25300-62
Fetal Bovine Serum (FBS) Merck SO0115
Fetal Bovine Serum (FBS) Sigma-Aldrich F7524
B-27 supplement without vitamin A Gibco 12587-010
1x PBS (pH 7.4) Gibco 10010-056
1x Dulbecco’s PBS without Ca®*, Mg?*, | Capricorn Scientific PBS-1A
and phenol red

0.05 % Trypsin-EDTA Gibco 25300054
Accutase Gibco A11105-01
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

Doxycycline hyclate Sigma-Aldrich D9892
HEPES Gibco 1563-056
Dm-a-KG Sigma-Aldrich 349631
Chloroquine Sigma-Aldrich C6628-25G
Polybrene Sigma-Aldrich H9268-5G
Polyethylenimine (PEI 25K) Polysciences 23966-1
PureCol Type I Collagen Advanced Biomatrix 5005
Poly-2-hydroxyethyl methacrylate (p- Sigma-Aldrich P3932-25G
Hema)

Laminin (1 mg) Sigma-Aldrich L2020-1MG
Deoxyribonuclease I (DNase I) from Sigma-Aldrich D4263
bovine pancreas

Hydrochloric acid (HCI) solution 1 N Sigma-Aldrich H9892-100
Sodium hydroxide (NaOH) solution IN | Sigma-Aldrich S2770-100

Complete medium for culturing adherent cells: 500 mL of DMEM or DMEM/F12 with
10% FBS. In case of starvation for TGFP and/or a-KG experiments, 1-5% FBS was used.
Complete medium for culturing glioblastoma and carcinoma in tumorsphere conditions:
500 mL of DMEM/F12 mixed with 10 mL of B-27 serum-free supplement minus vitamin A, 1
mL of amphotericin B, 2.5 mL 1M HEPES, 0.5 mL gentamicin (50 mg/mL). The following
growth factors were added freshly to dishes; EGF and FGF (final 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% DMEM + 10% FBS) + 10%
DMSO, in case of LLCI1, as per manufacturer’s recommendation, cryoprotective medium was
prepared as follows; 95% complete medium + 5% DMSO.

10 mM Chloroquine: dissolved in distilled water, sterile filtered and stored at -20 °C, final
concentration is 10 uM.

Polybrene: 6 mg/mL in ultrapure water, sterile filtered and stored at -20 °C.

Crystal violet: 0.5% Crystal violet in 20% Methanol/H2O0, sterile filtered through a 0.45 pm

PVDF filter; stored at 4 °C.
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Doxycycline: 1 mg of Doxycycline is dissolved in 1 mL of sterile filtered ultrapure H>O to
produce 1 mg/mL stock concentration.
Laminin: 1 mg/mL stock concentration is diluted freshly before plates coating with 1x PBS to

I png/mL.

2.1.14.3. Nucleic acid isolation

Table 2.15. Kits and reagents used for RNA and genomic and plasmid DNA isolation and

analysis

Kit/reagent Company Catalog number
RNeasy Mini Kit Qiagen 74106
B-Mercaptoethanol Sigma-Aldrich M6250
RNase-Free DNase Set Qiagen 79254
QIAshredder Qiagen 79656
Diethylpyrocarbonate (DEPC) Roth K028
Monarch DNA gel extraction kit NEB T1020
Phusion Hot Start II High-Fidelity DNA | Thermo Scientific F549L
polymerase

PureLink genomic DNA mini kit Invitrogen K1820-01
DNA-spin Plasmid DNA purification kit | iNtRON biotechnology 17098
PureLink HiPure plasmid maxiprep kit Invitrogen K210007
T4 DNA ligase Thermo Scientific ELO0O011
SYBR Safe DNA gel stain Invitrogen S33102

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

Glycine Roth 3908
p-APMSF Cayman Chemical 14971
cOmplete™, Mini, EDTA-free Protease | Roche 11836170001
Inhibitor Cocktail

RNase A Thermo Scientific ENO0531
Proteinase K Bioline BIO-37037
nucleospin™ gel and pcr clean-up Macherey&Nagel 740609.250
Protein A-Sepharose® CL-4B GE Healthcare 17-0780-01
Protein G Sepharose® 4 Fast Flow GE Healthcare 17-0618-01
NaCl Roth 3957.1
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LiCl Sigma-Aldrich L9650
NP-40 BioVision 2111
Deoxycholate Roth 3484.2
EDTA Sigma-Aldrich E5134
SDS ultra pure Roth 2326.1
Triton X-100 Sigma-Aldrich T8787
Sonication beads Diagenode C03070001
Quantitative PCR human reference total | Agilent 750500
RNA

Quantitative PCR mouse reference total | 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, ] mM EDTA.

Agarose gel: 0.8 to 2 % (w/v) Agarose NEEO ultra quality (Carl Roth, #2267.4).

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

Lysis buffer: 20 mL of 10% SDS, 4 mL of 0.5 M EDTA, 10 mL of 1 M Tris-HCI pH 8.1, filled
up to 200 mL with double distilled water.

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

Low salt buffer: 2 mL of 10% SDS, 20 mL of 10% Triton X-100, 800 uL of 0.5 M EDTA, 30
mL of I M NaCl, 4 mL of 1 M Tris-HCI pH 8.1, filled up to 200 mL with double distilled water.
High Salt buffer: 2 mL of 10% SDS, 20 mL of 10% Triton X-100, 800 uL of 0.5 M EDTA,
100 mL of 1 M NacCl, 4 mL of 1 M Tris-HCI pH 8.1, filled up to 200 mL with double distilled
water.

LiCl buffer: 40mL of 1.25 M LiCl, 20mL of 10% NP-40, 20 mL of 10% deoxycholate, 400
uL of 0.5 M EDTA, 2 mL of 1 M Tris-HCI pH 8.1, filled up to 200 mL with double distilled

water.
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TE buffer: 2 mL of 1 M Tris-HCI pH 8.1, 400 pL of 0.5 M EDTA, filled up to 200 mL with
double distilled water.

2.1.14 4. Western blot

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

Reagent Company Order number
Acrylamide 30% Roth 3029.1
Tetramethylenediamine (TEMED) Sigma-Aldrich T9281
Ammonium persulfate (APS) Sigma-Aldrich A9164
Pierce ECL western blotting substrate Thermo Scientific 32106
Western lightning Plus ECL Perkin Elmer NELI105001EA
SuperSignal West Pico PLUS Thermo Scientific 34577

Chemiluminescent Substrate

SuperSignal West Femto Maximum Thermo Scientific 34094

Sensitivity Substrate

Methanol Sigma-Aldrich 34860
DC Protein Assay Reagents Package Bio-rad 500-0116
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 100 mL distilled water and
stored in 1 mL aliquots at -20 °C.

Sample buffer: 40 mL 10 % SDS, 16 mL 1 M Tris pH 6.8, 20 mL 100% glycerol, 19 mL
distilled water, stored in 800 pL aliquots, for usage mixed with 200 uL 1% bromophenol blue
and 50 pL of B-Mercaptoethanol.

Lower buffer (for separating gel): 1.5 M Tris base, 0.4% SDS, in distilled water, pH adjusted
to 8.8.

Upper buffer (for stacking gel): 0.5 M Tris base, 0.4% SDS, in distilled water, pH adjusted
to 6.8.

8% PAGE separating gel: per 1 gel; 2.7 mL of 30% polyacrylamide, 2.6 mL Lower buffer,
4.65 mL distilled water, directly before pouring the solution in the cast, 100 uL. APS (10%) and
5 uL TEMED are added for acrylamide polymerization.
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12% PAGE separating gel: per 1 gel; 4 mL of 30% polyacrylamide, 2.6 mL Lower buffer,
3.5 mL distilled water, directly before pouring the solution in the cast, 100 pL APS (10%) and
5 uL TEMED are added for acrylamide polymerization.

15% PAGE separating gel: per 1 gel; 5.03 mL of 30% polyacrylamide, 2.6 mL Lower buffer,
2.4 mL distilled water, directly before pouring the solution in the cast, 100 pL APS (10%) and
5 uL TEMED are added for acrylamide polymerization.

4% Stacking gel: per 1 gel; 0.65 mL of 30% polyacrylamide, 1.3 mL upper buffer, 4.5 mL
distilled water, directly before pouring the solution in the cast, 50 uL APS (10%) and 5 pL
TEMED are added.

10x Running buffer: 250 mM Tris base, 2 M Glycine, 1% SDS in distilled water.

10x Wet Transfer buffer: 200 mM Tris base, 1.5 M glycine in distilled water.

1x Wet Transfer buffer: 1 L of 10x wet transfer buffer, 2 L methanol, and 7 L of distilled
water.

Blocking buffer: 5% milk powder in 1x PBS-Tween 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

Dako fluorescence mounting medium Dako S3023

Normal goat serum (NGS) Cell Signaling 5425
Technology

Bovine serum albumin (BSA) Serva 11946.02

4',6-diamidino-2-phenylindole (DAPI), Invitrogen D1306

stock concentration 1000 ng/mL

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

2.1.14.6.  Dual luciferase reagents
1x Passive lysis buffer: 5x Passive lysis buffer (Promega, #E194A), diluted to 1x with

millipore water.
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Luciferase Reagent A: 25 mM glycylglycine, 15 mM KH2PO4, 4 mM EGTA, 2 mM ATP,
1 mM dithiothreitol, 15 mM MgSOs, 0.1 M coenzyme A, 75 uM beetle D-luciferin (Promega,
#E1602).

Luciferase reagent B: 1.1 M NaCl, 2.2 M Nax-EDTA, 0.22 M KH;PO4, 0.44 mg/mL BSA,
1.3 mM NaN3.

Luciferase reagent C: 1.43 uM coelenterazine (Promega, #52001), added freshly to

luciferase reagent B in 1:50 ratio.

2.1.14.7.  Animal experiments
Anesthesia: 9 mL 0.9% sterile NaCl solution, 2 mL of 10% Ketamine (bela-pharm GmbH,
FS1670041), 0.5 mL of 2% Xylazin (CEVA Tiergesundheit GmbH).
D-Luciferin: D-Luciferin potassium salt (Regis Tech, #RE-1-360222-200) was dissolved
with PBS to prepare 150 mg/kg solution, and stored at -20 °C.
3x Digestion buffer: 3 U/mL Collagenase I, 133 U/mL Collagenase IV, and 10 U/mL
DNAse, 0.5 % BSA in 100 mL serum-free RPMI medium.
Wash buffer:2 mM EDTA in addition to 2% FBS in 5 mL serum-free RPMI.
Red Blood cell lysis buffer: Roche, #11814389001.
Collagenase I: Worthington Biochemical, # LS004194.
Collagenase I'V: Worthington Biochemical, # LS004188.

2.2. Methods
2.2.1. Working with cell lines

2.2.1.1. Sub-culturing and passaging cells
USTMG, G55, A549, MDA-MB-231, LLC1, HEK293T were cultured in DMEM supplemented
with 10% FBS on 10 cm tissue culture (TC) dishes (Sarstedt, #83.3902) under adherent
conditions. A549-VIM-RFP and MDA-MB-231-VIM-RFP were cultured in DMEM/F12
medium supplemented with 10% FBS. H2030 cells were cultured in RPMI medium
supplemented with 10% FBS. For passaging the cells, medium was discarded, cells were
washed two times with 1x PBS, covered with 0.05% Trypsin-EDTA (e.g. 2 mL for 10 cm dish)
and incubated at 37 °C for 3 to 5 minutes to detach the cells. For semi-adherent LLC1 cells,
medium and PBS were collected instead of being discarded. Trypsin was inactivated with 4 mL
of 10% FBS containing medium, cell suspension was collected in a falcon tube and centrifuged
in a tabletop Rotina 420 centrifuge (Andreas Hettich, Germany) at 1000 rpm for 3 minutes.
Medium was removed, and cell pellet was resuspended in fresh complete medium, and sub-
cultured in different ratios according to the doubling time of the cell lines. Mycoplasma

contamination was routinely monitored using PCR analysis (Pisal et al. 2016; Uphoff and
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Drexler 2004, 2014). In case of contaminations, cells were treated with Plasmocin or

Plasmocure according to the manufacturer’s instructions, to eliminate mycoplasma.

2.2.1.2. Cryopreservation and thawing of cells

To cryopreserve established adherent cell lines in liquid nitrogen tanks, 70 to 80%
confluent cells were washed with 1x PBS, then trypsinized as described in the previous section.
Cell suspension was centrifuged at 1000 rpm for 3 minutes. Medium was removed, and cell
pellet was resuspended in sterile-filtered freezing medium containing 10% DMSO. For LLC1
cells, 5% DMSO was used following the supplier’s instructions. 1 mL cell suspension
(approximately containing half of the cells from a 10 cm dish) was transferred to Cryovials
(Greiner Bio-One, #123277) and placed in a container used to ensure a slow cooling in the vials
(by isopropyl alcohol or Styrofoam). The container was placed in a -80 °C freezer for at least
24 hours, then transferred for long-term storage in liquid nitrogen tanks.
Cryopreserved cells were rapidly thawed in a water bath at 37 °C, after which the cell
suspension was transferred to 10 cm TC dish filled with 10 mL of complete medium. The
following day, medium was changed, and if necessary, replaced with medium containing

antibiotics for selection of transduced cells.

2.2.1.3. Determination of cell count and viability

Cell number was determined using the CASY Cell Counter and Analyzer System Model
TT (Roche Innovatis AG, #5651697). The counting principle is based on a current exclusion
method: cells pass through a pore, generating an electric pulse as resistance signal which is
registered by the counter. This approach determines cell number, size distribution, and
percentage of viable cells, it also allows assessing the vital state of a cell as dead cells display
a much weaker resistance due to a disrupted cell membrane. Cell counting was performed by
diluting 100 pL of cell suspension in 10 mL of CASYton buffer following the manufacturer’s

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

2.2.14. 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 coated with 5
mL pHema, dried, then rinsed with PBS. LLCI cells grown in semi-adherent culture were
trypsinized as described in section 2.2.1.1., and 8 x 10° cells were resuspended in tumorsphere
medium (TSM) supplemented with 0.4% FBS, required for growth of epithelial cancer cells in

3D conditions, and seeded on pHema-coated dishes for at least 48 hours.
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2.2.1.5. Treatments

2.2.1.5.1. TGFp and o-KG treatments

For TGFp time course treatment of US7MG, 8.5 x 10° cells were seeded under sphere
conditions. Next day, TGFP (final concentration 5 ng/mL) was added to the dishes for the
indicated times (72, 48, or 24 hours) (Fig. 2.1a). For adherent and semi-adherent cells, such as
MDA-MB-231, A549, and LLC1, 3.5, 2.5, or 1 x 10° cells were seeded in growth medium (with
10% FBS) under adherent conditions, respectively. The next day, the medium was replaced
with 1% FBS-containing medium. On the third day, 5 ng/mL TGFf was added to the dishes for
the indicated times (96, 72, 48, 24, or 6 hours for MDA-MB-231 and A549) (Fig. 2.1b) and 72,
48, 24, 6, and 3 hours for LLC1) (Fig. 2.1c). Effect of TGF on EMT induction was assessed
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 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 for TGFp time course analyses.

Generally, for protein and RNA analysis experiments, 8.5-10 x 10° parental or
genetically modified glioblastoma cells were seeded under sphere conditions, TGFf treatment
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 were seeded using same cell density mentioned
earlier, under adherent condition, starved on the second day. On the third day, TGFp was
supplemented for 72 hours (Fig. 2.2a). For combined a-KG / TGFp treatments, different
concentrations of a-KG (2, 4, 6, and 8 mM) were used. Adherent cells were treated with a-KG
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 Dm-a-KG was added for the indicated time

points (6 or 24 hours) (Fig. 2.2b). Treatments duration varied according to the type of analysis,
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detailed experimental setup is explained in the respective sections. Importantly, the pH of a-
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. Medium was then sterile-
filtered, and amounts corresponding to the designated a-KG concentrations were then added to

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
UB7MG, 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 combined TGFp / a-KG treatments.

2.2.1.5.2. Hypoxia incubation
Hypoxia treatment was carried out in an O controlled Hypoxic Workstation (either Coy
Laboratory Products Inc., USA; or Toepffer Lab Systems, Deutschland) with 1% O» at 37 °C.
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, except for DLR assay where cells
were placed three hours after splitting them in TSM. Cells were harvested under hypoxic
conditions, at the same end point.
2.2.1.5.3. Inhibitor treatments
To inhibit the mTOR signaling pathway, 10 uM rapamycin (Rap), 10 uM U0126 (U0),
20 uM LY294002 (LY), 10 uM SB431542 (SB), 5 uM oligomycin (Oli), and 5 uM
dorsomorphin (Dor) were added to the cells 2 hours before TGFf treatment for 48 hours (Fig.
2.3a). For short treatments of oligomycin and dorsomorphin, treatments were started 5 minutes

before TGF for 3, 6, or 24 hours (Fig. 2.3b).
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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
UB7MG co and shiDH1 I I I I I
0 48 66 69 72 Time (h)

Figure 2.3. Experimental setups for the analyses of combined TGFp / inhibitor treatments.

2.2.1.5.4. IDH1 overexpression

To induce IDH1 overexpression, pSLIK system, a Tetracycline-ON lentiviral vector,
designed for conditional gene silencing or overexpression, was employed. The system uses a
tetracycline response element (TRE) upstream of the gene/shRNA/miRNA of interest, and a
reverse tetracycline-controlled transactivator (rtTA) that activates transcription only when
doxycycline is added (Shin et al. 2006). U§7MG 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 ng/mL, working
concentrations: 0.2, 0.4, or 0.8 pg/mL). Snail expression 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 TGFp 3 hours after cells seeding for 72 hours (Fig. 2.4a), or cells were placed in
hypoxic chamber for 6, 24, 48, 72, or 96 hours, one day after cell seeding and doxycycline

treatment (Fig. 2.4b). 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 of IDH1 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 S2 (biological safety level 2) laboratory. For each lentivirus
described in section 2.1.7, three T75 cell culture flasks (Sarstedt, #83.3911) were used. In each
flask, 4.5 x 10° HEK293T cells were seeded a day prior to the transfection, in 10 mL of
complete medium. On the next day, two hours before transfection, medium was changed to 6
mL 1x DMEM + 10% FBS. In a sterile 1.5 mL reaction tube, 500 pL Opti-MEM was mixed
with 7.5 pg of the specific plasmid-containing the to-be-expressed DNA. Additionally, 2.63 pg
of the envelope plasmid pCI-VSVG as well as 4.88 ng of the packaging plasmid psPAX2 were
added. 45 pL of room temperature (RT) equilibrated PEI in a 3:1 ratio with DNA were added
to the plasmid and Opti-MEM mix, and vortexed for 10 seconds. The DNA/PEI mix was
incubated at RT for 20 minutes. Meanwhile, 6 pL 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 to 24 hours at 37 °C. On day three,
medium was changed to 9 mL of DMEM + 10% FBS. 48 hours post-transfection, the
recombinant virus-containing supernatant was collected in 50 mL tubes, centrifuged at 250 g
for 5 minutes, and filtered using a 0.45 um PVDF filter (Carl Roth, #P667.1), then kept at 4 °C
until next day. Cells were then replenished with 9 mL of fresh complete medium. 72 hours post-
transfection, virus-containing supernatant was again collected, centrifuged at 250 g for 5
minutes, and filtered using a 0.45 um PVDF filter.

To obtain high viral titers, lentiviral particles were concentrated. First, 6
ultracentrifugation tubes (Herolab, #253060) were added to each centrifuge bucket (Thermo
Fisher Scientific, #52427). To each ultracentrifugation tube, approximately 28 mL of
centrifuged and filtered virus supernatant was added in a way that all buckets end up with the
same weight to ensure balance during the ultracentrifugation step, plain DMEM + 10% FBS
medium was used to reach the same weight if needed. Viruses were then centrifuged at 20,000
rpm (or 22,500 rpm) for four hours (or 1.5 hours) at 4 °C in Sorvall WX ultracentrifuge (Thermo
Scientific) using the AH-629 rotor (Thermo Scientific). After centrifugation, supernatant was
removed, and tubes were left upside-down to dry on UV-lighted tissue paper to ensure complete
removal of medium. Then, each pellet was resuspended in 120 pL plain DMEM medium
without FBS, and incubated at 4 °C for 30 minutes. Subsequently, viruses of the same plasmid

were resuspended again and combined in a 1.5 mL reaction tube, centrifuged using Heraeus
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Fresco 17 centrifuge for three minutes at 13,000 rpm at 4 °C. The supernatant was then

aliquoted and frozen to -80 °C for storage.

2.2.1.6.2. Virus titration

To titer viruses, 5 x 10* G55TL cells were seeded in 6-well TC plates (Sarstedt,
#83.3920), 9 wells per virus to be titered. On the following day, virus aliquots were thawed on
ice, and 10-fold serial dilutions of the virus were prepared in dilution medium (DMEM + 10%
FBS+ 8 ug/mL Polybrene). 11 puL of virus was resuspended well in 1089 pL of dilution
medium. From the first dilution, 110 pL was transferred to 990 uL of dilution medium and
resuspended well. This was repeated six times until reaching 10 dilution, last well was used
as a mock control without any virus transduction. After that, the medium on the cells was
replaced with the prepared serial 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 antibiotics, as defined by the plasmid sequence, and in the
amount tolerated by the transduced cells and determined by kill-curve experiments (cell line-
specific). The antibiotic containing medium was refreshed every 2 to 3 days, usually up to 16
days, until all cells in the mock control have died. At the end of the experiment, cell colonies
were stained. For this, cells were washed twice with 1x PBS. Then, for each well, 100 pL of
Crystal violet was diluted in 1 mL of DMEM, and 1 mL of the mix was added to each well.
Cells were incubated for 15 minutes at RT. After this, staining solution was discarded, and cells
were washed up to three times with 1x PBS until the colonies were well visible. Subsequently,
the plates were scanned using EPSON Perfection V700 Photo Scanner, and colonies were
counted manually. The titer in transducing units per mL (TU/mL) was calculated using the
following formula, where the mean of the number of colonies multiplied by the dilution factor
in 2 wells was determined.
(nl xdl+n2xd2)/2=#TU/mL
where n is the number colonies of a dilution and d is the dilution factor (e.g. 107).

2.2.1.6.3. Stable lentiviral transduction

Depending on the cell line and the desired multiplicity of infection (MOI), 2 x 10°, 5 x
10°, 2 x 10% or 5 x 10* were seeded in 96-, 48-, 24-, or 12-well 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 pg/mL Polybrene. Concentrated virus particles were added to the
cells according to the defined MOI, cells were then incubated for up to 24 hours at 37 °C. On
the following day, medium was changed to 1x DMEM, 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 kill-curve experiments. The 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 SNAII gene using a CRISPR-Cas9 system, the ribonucleoprotein (RNP)
Alt-R CRISPR-Cas9 2-part guide RNA system from IDT was deployed. Firstly, Alt-R-
CRISPR-Cas9 crRNA specific to the gene of interest was purchased along with Alt-R-CRISPR-
Cas9 HPRT positive control, Alt-R-CRISPR-Cas9 negative control, and Alt-R-CRISPR-Cas9
tractrRNA-ATTOS550 from IDT. RNA oligonucleotides were resuspended in nuclease-free
duplex buffer (30 mM HEPES, pH 7.5, 100 mM potassium acetate) to 100 uM stock
concentration. The 2-step protocol starts by forming the gRNA complexes by mixing equimolar
amounts of Alt-R crRNA and Alt-R tracrRNA in nuclease-free duplex buffer, creating a duplex
concentration of 1 uM. This solution was incubated at 95 °C for 5 minutes and left slowly
cooling to RT. Next, for each single well in a 24-well TC plate (Sarstedt, #83.3922), 6 pL of
diluted Alt-R S.p. HiFi Cas9 Nuclease V3 (working concentration 1 uM) was combined with 6
uL of gRNA and 88 uL of OptiMEM, which was left for 5 minutes at RT to allow assembly of
the RNP complex. Finally, 100 pL of RNP complex was mixed with 6 uL of Lipofectamine
RNAIMAX (Invitrogen, #13778150), and opti-MEM in a final volume of 200 puL, transfection
mix was incubated at 37 °C for 20 minutes. Next, 5 X 10* U87MG or MDA-MB-231-POR cells
diluted in 200 pL of medium were mixed with a final concentration of RNP complex of 15 nM.
Cells were incubated with transfection mix for 48 hours, then splitted and cultured. Alt-R-
CRISPR-Cas9 tracrRNA-ATTOS550 was used to confirm successful transfection by
fluorescence microscopy visualization, 24 hours after transfection. Cells transfected with Alt-
R-CRISPR-Cas9 HPRT were included in preliminary experiments as positive controls to test

for knockout efficiency but were not included in the presented results.

2.2.1.6.5. Transient transfection for dual luciferase reporter assay

SNAII gene promoter activity was assessed using a dual luciferase reporter (DLR)
assay. For this purpose, cells were co-transfected with two plasmids; 1000 ng/uL Snail-pGL3#1
or Snail-pGL3#2 containing a partial promoter sequence of SNAIl fused with a firefly
luciferase, in combination with 10 ng/uL of control reporter vector; a plasmid encoding for a
stable viral promoter (SV40) with Renilla luciferase, used to estimate numbers of viable cells.
Cells were always co-transfected at 1:1000 ratio between Renilla and firefly luciferase. 3.5 x
10° US7MG co and U87MG shIDHI1 cells were seeded in 6-well TC plate one day prior to
transfection. The next day, a total of 1 ug of DNA was mixed with Fugene HD (4 pL) at a ratio
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of 1:4 (Promega, #E2311) in Opti-MEM in a total volume of 100 pL. To transfect the same
amount of DNA in each well, DNA amounts were adjusted with empty pcDNA3.1 vector to a
total of 1 pg. The transfection mix was incubated at RT for 15 minutes, then added to each well
in a dropwise manner, and cells were incubated for 24 hours. On the third day, cells were split
in triplicate into 24-well suspension plates (Sarstedt, #83.3922500), under sphere conditions. 5
ng/mL TGFp treatment was started after 3 hours for 48 hours (Fig. 2.5a), or was started next
day for 6 hours (Fig. 2.5b). Hypoxia treatment was started after 3 hours for 24 hours (Fig. 2.5¢).
On the other hand, a-KG treatment started on the next day for 3 hours (Fig. 2.5d). At the end
of the treatments, the cells were collected and lysed in 1x passive lysis buffer. Renilla luciferase
and firefly luciferase activity were measured using the Dual-Luciferase Reporter Assay System
(Promega) in a microplate reader (TriStar LB 941, Berthold Technologies), using white 96-well
plates (Greiner, 655075). Firefly luciferase signal was normalized to Renilla luciferase activity
and plotted as relative luciferase units (RLU). pGL3-basic and pGL3-control were used as

controls but were not included in the final figures.
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Figure 2.5. Experimental setups for dual luciferase assays.

2.2.1.6.6. Transient transfection for siRNA-mediated gene knockdown
siRNAs against HIF-1a, HIF-2a, FoxK1, FoxK2, c-Myc, SNAIL or non-targeting
control siRNA were obtained as a pool of 4 siRNA oligos (ONTARGETplus SMART pool,
Dharmacon) as described in section 2.1.8. Lyophilized siRNA pools were resuspended in 1x
diluted siRNA buffer (5x siRNA buffer, Dharmacon, #B-002000-UB-100) to a final
concentration of 20 uM (20 pmol/uL), aliquoted, and stored frozen at -80 °C. Reverse siRNA
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transfection of 4.5 x 10° U87MG co and shIDH1 cells was performed in 6-well TC plate using
Lipofectamine RNAIMAX, according to the manufacturer's instructions. 60 nM-180 nM of
total siRNAs is diluted in 500 pL of Opti-MEM reduced serum medium (Table 2.18), in
addition to 4 pL of Lipofectamine RNAIMAX, then the transfection mix is transferred to the
wells and incubated at 37 °C for 20 minutes. After the incubation, the required amount of cells
resuspended in 500 pL of antibiotic-free DMEM + 10% FBS is added into the wells. 24 hours
after transfection, cells were trypsinized and reseeded to sphere culture conditions in 10 cm
Petri dishes (Greiner, #633161). Three hours later, 5 ng/mL TGFp was added to the cells for 48
hours for protein and RNA analysis. When siRNA transfection is combined with DLR assay,
cells were reverse transfected as explained above, and on the following day transfection with
luciferase plasmids was started. Cells were then split to 24-well suspension plates and treatment
with TGFp or hypoxia for 24 hours was conducted (Fig. 2.6). To ensure a consistent total siRNA
concentration during transfection, non-targeting control siRNA was supplemented as needed to

reach the desired final concentration.
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Figure 2.6. Experimental setups for dual luciferase assay including siRNA treatments.
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Table 2.18. Final single siRNA concentration used in reverse siRNA transient transfection

siRNA Final concentration (nM)
HIF-1a 20

HIF-2a 100

Snail 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 I, 2% B-27 Serum-Free
Supplement, combined with 48% tumorsphere culture medium containing DMEM/F12,
HEPES, Amphotericin B, gentamycin, 20 ng/mL bFGF, 20 ng/mL EGF and 0.4% FBS. 12-
well TC plates (Sarstedt, #83.3921) were covered with 300 pL of collagen gel and the gel was
polymerized for 1 hour at 37 °C. LLC1 tumor spheroids of equal size were then picked using
10 puL pipette and plated in a second layer of 360 pL of non-polymerized collagen matrix. The
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 objective. The 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 Imagel was used for thresholding and 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

Invasiveness of the cells was assessed using a modified Boyden chamber assay. The
main difference between the modified version of the protocol and the original assay is that in
the modified Boyden chamber assay cells must first invade through an ECM matrix such as
Matrigel, in order to migrate through the porous membrane, whereas in the original assay cells
are only allowed to migrate through the pores of the membrane from upper to lower
compartment by chemotaxis, without passing through Matrigel (Chen 2005). 1-1.5 x 10 cells
(US7MG, MDA-MB-231, A549) were seeded in complete medium containing 10% FBS in 6
cm TC dishes (Sarstedt, 83.3901). On the second day, cells were starved as described earlier by
replacing the medium with 1% FBS containing medium. On the following day, TGFf treatment

was started for 72 hours. Two concentrations of Dm-0-KG (6 mM and 8 mM) were added to
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the medium in the last 24 hours. After the end of the treatment, cells were trypsinized and
counted as described earlier. Next, 3-5 x 10* cells were resuspended in 100 pL diluted Matrigel
(1:10 in 1% FBS containing DMEM) and kept on ice to avoid premature solidification. They
were then seeded in the upper compartment of one transwell filter with a pore size of 8.0 um
(Corning, #3422). Four to six wells were seeded per condition. The suspension was allowed to
polymerize at 37 °C for 1 hour. Next, the polymerized Matrigel containing suspended cells were
carefully overlaid with 100 pL of 1% FBS supplemented medium, while 600 puL of complete
growth medium (10% FBS) was added to the lower compartment. This generated a chemical
gradient via a difference in the concentration of nutrients and chemokines, effectively
stimulating cell invasion through the porous membrane. Cells were kept in Boyden chambers
for 24 or 48 hours (Fig. 2.7a,b). To check the effect of 0-KG in reversing invasion without the
prior induction by TGFB, MDA-MB-231 cells were seeded as described above in 6 cm TC
dishes, starved on the next day, and were treated on the fifth day with two concentrations of
Dm-a-KG for 24 hours. Cells were trypsinized at the end of the treatment and seeded in
Transwells as described above for 48 hours (Fig. 2.7c). MDA-MB-231 cells invasiveness was
also examined upon pre-treatment with TGFB for 72 hours prior to seeding cells in the
transwells (Fig. 2.7d). Finally, to test the preventative effect of a-KG on TGFp-induced
invasion, starved A549 cells were treated with increasing concentrations of Dm- a-KG from 2
mM to 8§ mM in 2 mM increments for 72 hours. TGFf was supplemented three hours later. At
the end of the treatment, cells were processed for Boyden chamber assay (Fig. 2.7¢). For
US7MG single, double knockdown, or Snail knockout cells, 5 x 10* cells were directly
resuspended in 100 pL diluted Matrigel (1:10 in 1% FBS containing DMEM) and seeded in the
Transwells as explained above.

Depending on the condition, 10% and 1% FBS containing medium were either
supplemented with TGFf, 6 mM or 8mM Dm-a-KG, TGFp in addition to 6 mM or 8mM Dm-
a-KG, or no treatments, to maintain similar conditions used before trypsinization. With the
exception of US87MG knockout and knockdown cells, where cells were not treated prior to
seeding in Boyden chamber, and no treatment was added in the wells, only a gradient of FBS
was kept between upper and lower compartments. Depending on the cell line, after 24 to 48
hours, cells were washed first by replacing the medium in the lower compartment with 1x PBS,
then fixed at RT for 10 minutes in 70% ethanol. Cells were then rehydrated with 1x PBS for 10
minutes. The nuclei of both invaded cells (located on the lower side of the porous membrane)
and nuclei of remaining cells suspended in Matrigel were stained with DAPI (1:1000 in 1x

PBS) in the dark for 10 minutes. The inserts were then washed for 10 minutes in 1% PBS, after
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which pictures were acquired for the DAPI stained non-invading nuclei in the upper
compartment using a LEICA BM IL LED inverted fluorescence microscope with a 4x objective
and with a LEICA DFC420C camera. Medium was then completely removed from the lower
and upper compartments, and remaining cells in the upper compartment were removed using
cotton swabs. Membranes were carefully 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 pictures of the lower compartment were taken with a 4x objective. The number of

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

Invasion rate was calculated as the mean of the ratio of invaded cells to the non-invading cells.
To select for more invasive cells, MDA-MB-231 cells mixed with diluted Matrigel matrix were
allowed to invade through the 8-um pore insert membranes for 48 hours. Cells that didn’t cross
the membrane, and remained in Matrigel, were collected, washed, then cultured and were
designated as non-invasive (ni). Cells that crossed and were on the lower surface of the
membrane, were collected by trypsinization, and reapplied to the Boyden chamber. This
procedure has been repeated for 10 times. Cells invading through the membrane after the 10™
round were collected as mentioned above, propagated, and were designated as invasive (i10).
Pre-treatments for follow-up Boyden chamber assays were done as described above (Fig.

2.7¢,d).
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Figure 2.7. Experimental setups for the pre-treatment with TGFp and / or a-KG prior to modified
Boyden chamber invasion assay.

2.2.1.9. Proliferation assay

To test if a-KG influences cell proliferation and viability, a proliferation assay was
conducted. US7MG, A549, and MDA-MB-231 cells were seeded at different densities (40, 18,
or 13 x 10%, respectively) in 12-well TC plates. On the following day, medium was changed to
1500 puL of 1% FBS containing DMEM. On day three, medium was replaced to 1500 pL 1%
FBS containing DMEM with or without TGFp treatment (5 ng/uL). At defined time points 6
mM or 8 mM Dm-a-KG were added to pre-incubated medium containing 1% FBS. The pH was
set to 7.4, the medium was sterile-filtered and 500 pL of plain, TGFp, or TGFp plus 6 or 8§ mM
Dm-a-KG containing medium was added for 72, 48, or 24 hours (Fig. 2.8). In case of 72 hours
a-KG treatment, medium was added around 3 hours after TGFf treatment had started (Fig. 2.8).
Each condition was performed in three biological replicates per experiment. Experiments were
repeated twice. At the end of the treatment, cells were trypsinized, collected, and counted as

described in 2.2.1.3, without any centrifugation step in between to reduce cell loss. The
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percentage and total number of viable cells was determined using the CASY device. The cell
counts of the individual treatment conditions were divided by those of the control and presented

as relative cell proliferation.

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. Experimental setup to detect the effect of a-KG treatment on cell proliferation and
viability.
2.2.1.10. Measurement of the cellular ATP/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 washed, then US7MG
cells were seeded in TSM at 1 x 10 cells per well with or without TGFp for 72 hours, and pH-
adjusted Dm-0-KG-containing medium (6 or 8§ mM) was added for the last 3 hours. The
experiments were performed in three biological replicates (Fig. 2.9a). ATP/ADP ratios were
measured by using EnzyLight ADP/ATP Ratio Assay Kit (BioAssay Systems, ELDT-100),
luminescence was read using TriStar LB 941 microplate reader (Berthold Technologies). The
ATP synthase inhibitor oligomycin was used as a positive control. Shorter a-KG treatment
duration was decided based on preliminary experiments and the well-established rapid negative

impact of a-KG and oligomycin on ATP synthase activity (Chin et al. 2014).

2.2.1.11.  Measurement of the cellular ATP levels

U87MG, U87MG co and shIDH1 cells were seeded in TSM with or without TGFp for
72 hours in 96-well white with clear flat bottom plates, pre-coated with Laminin at 1 x 10* cells
per well. pH-adjusted Dm-a-KG-containing medium (6 or 8§ mM) was added for the last 3 hours
(Fig. 2.9b). The experiments were done in 3-4 biological replicates. ATP levels were measured
using the CellTiter-Glo 3D cell viability assay (Promega, G9681), and luminescence 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 inhibitor oligomycin was used as a positive control.
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Figure 2.9. Experimental setups for ATP/ADP and ATP assays.

2.2.2. Working with RNA

2.2.2.1. RNA extraction

Adherent cells were washed with PBS, then scraped and lysed in 350 uLL RLT+ buffer
(1 mL RLT buffer + 10 pL B-Mercaptoethanol). For semi-adherent cells such as LLC1, cell
suspension was collected, and the remaining adherent cells were washed two times with PBS
and collected. Total cell suspension was divided for protein and RNA analysis, spun down at
1000 rpm for 3 minutes, and cell pellet was then lysed in 350 pL RLT+ buffer. For cells grown
under tumorsphere conditions, cell suspension was collected, divided for protein and RNA
analysis, and centrifuged at 1000 rpm at 4 °C for 3 minutes. Cell pellet was also lysed in 350
uL RLT+ buffer. All cell lysates were directly frozen at -80 °C until further processing. RNA
was then extracted using the RNAeasy Mini Kit, following the manufacturer’s instructions.
Centrifugations were done using Heraeus Fresco 17 or Heraeus Pico 17 centrifuges (Thermo
Scientific). The optional on-column DNase digestion was performed using the RNAse-Free
DNase Set in order to remove residual DNA. RNA concentration was determined by NanoDrop
(Peqlab) photometric measurement at a wavelength of 260 nm. The quality of RNA was
assessed by measuring the 260/280 and 260/230 absorbance ratios. The isolated total RNA was
stored at -80 °C.

2.2.2.2. cDNA synthesis
Following the manufacturer’s instructions (Maxima H Minus First Strand cDNA
Synthesis Kit), 1 pg of RNA was mixed up with 1 pL of each of oligo (dT):s primer, random
hexamer primer, and 10 mM dNTP mix. The mix was filled up to 15 pL with DEPC-treated
H>0, incubated at 65 °C for 5 minutes to unfold secondary structures, then cooled down
immediately on ice. 4 uL of RT buffer in addition to 1 pL of Maxima H Minus enzyme mix
were then added per reaction, and the reaction mix was then incubated for 10 minutes at 25 °C

followed by 30 minutes at 50 °C, then 5 minutes at 85 °C in a ProFlex PCR System
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thermalcycler (Thermo Fisher Scientific). Samples were then cooled down at 4 °C. For further

analysis, cDNA was diluted 1:10 with 180 uL of DEPC-treated H>O and stored at -20°C.
2.2.2.3. RT-qPCR

Analysis of gene expression at mRNA level was achieved by quantitative real time PCR
using the QuantStudio 3 Real-Time PCR system (Applied Biosystems). Reactions were
performed in technical triplicates, with 4 pL corresponding to 20 ng of cDNA, 4 uL of 1 uM
forward and reverse primers mix, 10 pL of 2x PowerUp SYBR Green master mix, and DEPC-
treated H2O in a total volume of 20 pL. 2% PowerUp SYBR Green master mix constitutes of
the polymerase, dNTPs, buffer, SYBR green dye, ROX dye passive reference, as well as Heat-
labile Uracil-DNA Glycosylase. The routinely used amplification program is presented in Table
2.19. Analysis of relative gene expression was performed using the double delta C; (244
method (Livak and Schmittgen 2001), with first calculating the difference between target gene
expression level and housekeeping gene (HPRT or ACTB (B-actin)) levels, defined by Cycle
threshold (C;) 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 replicates. Any primer pair used in this study was tested for its
efficiency using a serial dilution of reverse transcribed human reference total RNA (Stratagene,
#750500) or mouse reference total RNA (Stratagene, #750600). Only PCR reactions with
efficiency between 90 and 110% were used. All primers used in this study are listed in table
2.6.

Table 2.19. Standard RT-qPCR amplification program using SYBR green

Step Temperature | Time Number of cycles

Uracil-DNA glycosylase 50 °C 2 min 1

activation

Initial Denaturation, Taq 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 upregulation of Snail in time course experiments described
earlier in section 2.2.1.10.1, two TGFp time points were chosen for each cell line; US7MG,
MDA-MB-231, and A549. In specific, 5 ng/mL TGF was added for 48 or 72 hours in U§7MG
and A549 (Fig. 2.10a,b), and for 6 or 24 hours in MDA-MB-231 (Fig. 2.10c). U87MG co and
shIDHI1 cells were seeded under TSM conditions, 5 ng/mL TGFf was added and incubated for
72 hours. Additionally, 6 mM Dm-a-KG was introduced at two distinct time points: 72 hours;
added 3 hours after start of TGFp, or 6 hours before harvesting (Fig. 2.8d). Treatments were
conducted in 10 cm TC or petri dishes. Three biological replicates were prepared for each
condition. Cells were harvested, and RNA was extracted using RNeasy Mini Kit, combined
with on-column DNase digestion to avoid contamination by gDNA, as described in section
2.2.2.1. 2 pg RNA in 10 pLL RNase-free water were prepared and sent to Deep sequencing
platform of the Max Planck Institute for Heart and Lung Research, (Bad Nauheim, Germany)
led by Dr. Stefan Giinther. RNA samples were processed according to the specifications of the
sequencing facility. Library preparation integrity was verified with LabChip Gx Touch 24
(Revvity). 400 ng of total RNA was used as input for the VAHTS Stranded mRNA-seq Library
Preparation V6 according to the manufacturer’s protocol (Vazyme). Sequencing was performed
on a NextSeq 500 instrument (Illumina) using v2 chemistry resulting in an average of 33.3M
reads per library, with a 1 x 75 bp single end setup. The resulting raw reads were assessed for
quality, adapter content and duplication rates with FastQC. Trimmomatic v.0.39 was used to
trim reads after a quality drop below a mean of Q15 in a window of five nucleotides, keeping
only filtered reads longer than 15 nucleotide. Reads were aligned against the Ensembl human
genome with STAR. The number of reads aligning to genes were counted using the
FeatureCounts from the Subread package. The 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 excluded. Differentially expressed genes
(DEG) were identified using DESeq2. Genes were classified as significantly differentially
expressed at average count greater than five, multiple testing Pagj <0.05 and —0.585 <log> fold
change > 0.585. The annotation was enriched with UniProt data based on Ensembl gene

identifiers.
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Figure 2.10. Experimental setups for the treatments of cells subjected to RNA-seq analyses.

2.2.3. Working with proteins - western blotting

2.2.3.1. Cell lysis and protein extraction

To prepare protein extracts from adherent cells grown in 10 cm TC dishes, cells were
washed once with 1x PBS, then they were scraped off the dish using a cell scraper (TPP Techno
Plastic Products AG, Switzerland) with an appropriate amount of Laemmli lysis buffer (usually
between 80-120 puL. depending on cell confluence). For semi-adherent cells, and cells grown
under sphere conditions, cell suspension was collected, and divided in two tubes, transferred on
ice immediately, centrifuged at 2500 rpm for 1 minute at 4 °C. After aspiration of supernatant,
one cell pellet was processed for RNA (as described in section 2.2.2.1) and the other cell pellet
for protein extraction and subsequent analyses. Cell pellets intended for protein analysis were
typically resuspended in 100 pL of Laemmli lysis buffer. Higher amounts of Laemmli buffer
(350 uL) were used for the denser LLC1 cells. Cell lysates were then collected in 1.5 mL
Eppendorf tubes. The lysates were first heated at 95 °C for 5 minutes, then sonicated for 30-60
seconds, at 90% amplitude with 0.5 seconds pulse (Bandelin electronic sonifier, Germany) to

shear genomic DNA. Protein lysates were stored at -20 °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, a two-step reactions which lead to color development, based 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 prepared according to the manufacturer’s instructions.
25 uL of the mixture of reagent A and S (20 pL of reagent S in 1000 uL of reagent A), were
added to the sample (5 uL of protein lysate) and combined with 200 puL of reagent B in a 96
well plate (Greiner, #655101). After a gentle agitation of the plate to mix the reagents, the plate
was incubated for 15 minutes at RT, then the absorbance was measured at 750 nm in a
microplate reader (Berthold Technologies). Each sample was measured in duplicates. Laemmli
buffer without bromophenol blue was used as a blank measurement. The protein concentration

was determined using a calibration curve calculated with increasing concentrations of BSA.

2.2.3.3. Sample preparation
To prepare samples for immunoblotting and load equal amounts in equal volumes for
all samples, 30 to 80 pg of total protein was mixed with 4x Sample Buffer and filled up to a
final volume of 20 pL using Laemmli buffer. Samples were heated at 95 °C for 5 minutes to

reduce viscosity and denature any remaining high molecular weight DNA.

2.2.34. Western Blot and Sodium-Dodecyl-Sulfate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE)

The denatured proteins were separated according to their size using SDS-PAGE. Here,
addition of SDS renders the proteins identically charged per unit mass, which enables the size-
dependent separation. Depending on the size of the proteins being analyzed, 8% / 12% or 8% /
15% (upper/lower half) separating gels, or 12% separating gels were prepared. Samples were
loaded onto the gel in a Mini-PROTEAN 3 system (Bio-Rad Laboratories) and run initially at
a voltage (V) of 80 V, and then at 130 V after the proteins crossed the 4% stacking gel.
Separated proteins were transferred to 0.45 um PVDF transfer membranes (Thermo Fisher
Scientific, #88518) at 125 mA per blot using the Wet-blot Mini-PROTEAN 3 system (Bio-Rad)
for two hours. Membranes were then incubated for 1 hour at RT 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 overnight at 4 °C with the
designated primary antibody diluted in the blocking buffer. Next day, the blots were rinsed 3
times (15 minutes each) in PBST washing buffer to remove unbound antibodies and incubated
for 1 hour at RT with the appropriate secondary HRP-conjugated antibody diluted in blocking
buffer. To detect protein bands, after three times washing with washing buffer and once with
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1x PBS, chemiluminescent detection was performed by incubating the membranes for up to 3
minutes with the signal developing solution of the ECL Western Blotting Detection System,
ECL plus System, or 9:1 mixture of SuperSignal West Pico PLUS Chemiluminescent Substrate
and Super Signal West Femto Maximum Sensitivity Substrate, 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 signals were then detected with an X-ray film
(Thermo Scientific, #34089) with exposure times of 5 seconds 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 through incubation in the stripping buffer for two times each for 30 minutes
at RT while shaking. Afterwards, membranes were washed three times for 10 minutes in PBST
washing buffer to remove the acidic buffer. Then, membranes were blocked with blocking
buffer for at least one hour again and probed with the next primary antibody. The procedure

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

2.24.1. Immunofluorescence analysis of Snail protein

To assess the effect of TGFP and a-KG treatments on Snail localization and signal,
immunofluorescence staining was applied. 8 x 10° A549 or US7MG, or 7 x 10° MDA-MB-231
cells were seeded onto sterile cover slips in 24-well TC plate, and medium starvation started on
the second day, by replacing existing medium with 5% FBS DMEM. On the third day, A549
and U87MG were treated with TGFP for 72 hours and increasing concentrations of a-KG for
the last 24 hours (Fig. 2.11a). While MDA-MB-231 cells were treated with TGF[} for 24 hours
and increasing concentrations of a-KG for the last 6 hours (Fig. 2.11b). Shorter treatments
exposure in MDA-MB-231 was dependent on the TGFf time points when Snail mRNA and
protein expression levels were induced the most. At the end of the treatment, cells were washed
once with 1x PBS and incubated with 4% PFA at RT for 10 minutes. Next, cells were washed
three times with 1x PBS, and permeabilized with 0.3% Triton X-100 in PBS for 15 minutes.
Coverslips were then placed on parafilm, and the following staining steps were performed: Cells
were blocked in Blocking buffer (1x PBS /5% NGS / 1% BSA / 0.1% Triton X-100) for 1
hour, followed by incubation with the primary antibody (Rat-anti-Snail, 1:100 dilution) in the
antibody dilution buffer overnight at 4 °C in a humidified chamber. Next day, coverslips were
washed 3 times with washing buffer, followed by incubation with fluorophore-conjugated

secondary antibody (Goat anti-rat AlexaFluor 488, 1:200) diluted in the antibody dilution buffer
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at RT in the dark for 1 hour. After 3 times washes with washing buffer, once with PBS, nuclei
were stained with DAPI (1:3000 in 1x PBS) for 10 minutes at RT, followed by three final
washing steps with washing buffer, once with PBS, and once in dH»O. Finally, a drop of
fluorescent mounting medium was placed on the coverslips and they were embedded on
microscope slides. At least 10 images per condition were taken using Leica DMi8 S inverted
microscope at 40x magnification, and LAS X software. Quantification of fluorescence intensity
was performed using the Fiji software. DAPI staining (blue channel) was used to create a binary
image, and nuclei were then defined as Regions of interest (ROIs). These ROIs were then
applied to the green channel where Snail fluorescent signal intensities were measured.
Corrected total nucleus fluorescence (CTNF) was calculated based on the following formula:

CTNF = Integrated Density — (Area of selected nucleus x Mean fluorescence of background

readings). Integrated density and area are measurements selected from Analyze menu > Set

measurements.
a
Change medium
Seed cells Start starvation to -/+ TGFB 72 h a-KG 24 h Process Immunofluorescence
A549, UBTMG I I I I I
0 24 48 96 120 Time (h)
b
Change medium
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 immunofluorescence analyses of Snail.

2.2.4.2. Immunofluorescence analysis of Vimentin protein

Cells were seeded and starved as described in the previous section. Next, cells were
treated with 5 ng/mL TGFp and increasing concentrations of a-KG (6 mM and 8 mM) for 72
hours (Fig. 2.12). After the end of the treatment, cells were washed once with 1x PBS and
incubated with 4% PFA at RT for 10 minutes. Next, cells were washed three times with 1x
PBS, permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, washed 3 times with PBS,
then incubated in 100% methanol for 20 minutes at -20 °C, followed by incubation in 50%
methanol for 5 minutes at 4 °C. Methanol was then replaced with PBS and the cells were
incubated at RT for 15 minutes for rehydration. Coverslips were then placed on parafilm, and
the following staining steps were performed: Cells were blocked in Blocking buffer (1x PBS /
5% NGS /1% BSA /0.1% Triton X-100) for 1 hour, followed by incubation with the primary

antibody (mouse anti-vimentin, 1:500 dilution) in the antibody dilution buffer overnight at 4 °C
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in a humidified chamber. Next day, coverslips were washed 3 times with washing buffer,
followed by incubation with fluorophore-conjugated secondary antibody (Goat anti-mouse
AlexaFluor 568, 1:200) diluted in the antibody dilution buffer at RT in the dark for 1 hour.
After 3 times washes with washing buffer, once with PBS, nuclei were stained with DAPI for
10 minutes at RT, followed by three final washing steps with washing buffer, once with PBS,
and once in dH>O. Finally, a drop of fluorescent mounting medium was placed on the coverslips
and they were embedded on microscope slides. Around 10 images per condition were taken
using Leica using Leica DMi8 S inverted microscope at 40x magnification, and LAS X
software. Quantification of fluorescence intensity was performed using Fiji software. Red
channel was used to create a binary image, and single cells were defined as ROIs. These ROIs
were then applied again to the red channel where vimentin fluorescent signal intensities were
measured. Corrected total cell fluorescence (CTCF) was calculated based on the following
formula:

CTCF = Integrated Density — (Area of selected cell x 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 immunofluorescence analysis of Vimentin.

2.2.4.3. Immunofluorescence analysis of E-cadherin protein

After treatment with 5 ng/mL TGFp for 96 hours and increasing concentrations of a-
KG (6 mM and 8 mM) for 72 hours, under 2% FBS containing medium (Fig. 2.13), cells were
washed once with 1x PBS and incubated with 4% PFA at RT for 10 minutes. Next, cells were
washed three times with 1x PBS, permeabilized with 0.1% Triton X-100 in PBS for 15 minutes.
Coverslips were then placed on parafilm, and the following staining steps were performed: Cells
were blocked in Blocking buffer (1x PBS /4% NGS /2% BSA /0.1% Triton X-100) for 1 hour,
followed by incubation with the primary antibody (mouse anti-E-cadherin, 1:50 dilution) in the
blocking buffer overnight at 4 °C in a humidified chamber. Next day, coverslips were washed
3 times with washing buffer, followed by incubation with fluorophore-conjugated secondary
antibody (Goat anti-mouse AlexaFluor 488, 1:200) diluted in the blocking buffer at RT in the

dark for 1 hour. After 3 times washes with washing buffer, once with PBS, nuclei were stained
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with DAPI for 10 minutes at RT, followed by three final washing steps with washing buffer,
once with PBS, and once in dH>O. Finally, a drop of fluorescent mounting medium was placed
on the coverslips and they were embedded on microscope slides. At least 5-10 images per
condition were taken using Leica DMi8 S inverted microscope at 40x magnification, and LAS
X software. Experiment was conducted once. No quantification was possible, due to lack of

control cellular membrane marker.

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 immunofluorescence analysis of E-cadherin.

2.2.5. Flow cytometry

Upon 72 hours TGFp and a-KG treatments under starvation, A549 and MDA-MB-231
VIM-RFP cells were dissociated into a single-cell suspension by accutase treatment for 15
minutes at 37 °C. Cells were stained with SYTOX Blue (Invitrogen, #CD133/2-PE) nucleic
acid stain to gate out dead cells. Flow cytometry was performed using a Sony spectral cell
analyzer (BD Biosciences). Four biological replicates were measured for each condition. Data
were analyzed using FlowJo v7/9 (Tree Star) by gating for live cells based on SYTOX staining,
forward and side scatter gates were used to discriminate doublets and debris, followed by gating
for RFP positive populations.

To evaluate the tumor microenvironment labeling ability of sLP-mCherry—expressing
tumor cells in vivo, Fluorescence-activated cell sorting (FACS) was employed. Parental LLC1
cells, LLC1 pCDH-B3, LLC1 sLP-mCherry, and double-labeled LLC1 cells were used to
establish fluorescence-based gating parameters using BD FACSMelody cell sorter. LLC1
parental cells treated with 100% ethanol were stained with DRAQ7 dye (Invitrogen, #D15106)
to exclude non-viable cells. A single-cell 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 distinguished GFP-positive /

mCherry-positive tumor cells from GFP-negative / mCherry-positive 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 section 2.1.14.1. The mixtures were sterilized
by autoclaving at 121 °C under 20 pounds per square inch (psi) for around 30 minutes. After
cooling down to approximately 50 °C, ampicillin was added to a final concentration of 100
ug/mL. LB agar was poured into 10 cm Petri dishes under the sterile hood. After solidification,
the plates were either directly used or stored at 4 °C for up to 4 weeks. LB medium was also

stored at 4°C.

2.2.6.2. Bacterial transformation

Transformation of plasmid DNA was carried out by adding 5 puL of a ligation reaction
to 50 uL chemically competent Stb/3 E. 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 minutes. 250 pL of S.0.C. medium
(Gibco, # 15544034) was added to the transformed cells, and cells were incubated in a 37 °C
heat block with continuous shaking at 800 rpm for up to one hour. 100-200 pL 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

the empty vector plasmid DNA.

2.2.6.3. Inoculation of liquid culture
Single bacterial colonies were picked and transferred in 5 mL of LB medium containing
the appropriate antibiotics. These liquid cultures were incubated at 37 °C with shaking at 225
rpm overnight in a Multitron Incubator Shaker (Infors AG, Switzerland). They were
subsequently used for small-scale plasmid purification, the inoculation of large-scale cultures
or preparation of glycerol stocks. Glass and metal surfaces were sterilized using a Bunsen
burner.
2.2.6.4. Preparation of glycerol stocks
For long-term  storage of the plasmid-containing bacteria, glycerol
stocks of  bacterial  suspensions were prepared by mixing 500 pL
autoclaved 60% glycerol prepared in LB medium, and 500 pL of the liquid

cultures. Glycerol stocks were stored at -80 °C.
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2.2.7. Working with DNA

2.2.7.1. Chromatin immunoprecipitation (ChIP)

In total, 6 x 10° MDA-MB-231 cells were seeded per 15 cm TC dishes (Sarstedt,
83.3903), under adherent conditions and TGF was added on the third day for 72 hours (Fig.
2.14a). 2-2.5 x 10 US7MG co and shIDH]1 cells were seeded in 15 cm petri dishes (Sarstedt,
82.1184.500), under tumorsphere conditions. TGF treatment started three hours after seeding,
and 6 mM o-KG was supplemented three hours later for 72 hours (Fig. 2.14b). At the end of
treatment, proteins bound to DNA were cross-linked with 1% ChIP-grade formaldehyde added
directly to the medium. After 5 minutes incubation at RT, glycine with a final concentration of
0.1 M was added for 5 minutes to stop cross-linking. Plates were rocked manually during this
time. Then, cells were collected by scraping and centrifuged at 1600 xg for 5 minutes at 4 °C.
Next, cells were resuspended and washed in ice-cold PBS containing 0.5 uM p-APMSF and
centrifuged again. Cell pellets were shock frozen in liquid nitrogen, and stored at -80 °C. Four
plates of US7MG cells were lysed with sonification beads (Diagenode, C01020031) in 1 mL
ChIP lysis buffer, to which 0.5 pM PMSF and 0.15% Roche protease inhibitor cocktail were
added freshly. Chromatin was sheared for 28 cycles 30 seconds on/ 30seconds off, at 4 °C using
the Bioruptor Pico (Diagenode) device. In the case of MDA-MB-231 cells, each plate was lysed
for 5 minutes at RT, then 5 minutes on ice in 900 pL of ChIP lysis buffer with freshly added
0.5 uM PMSF and 0.15% Roche protease inhibitor cocktail. Chromatin was sheared for 5 cycles
20 seconds on/ 30 seconds off, using Bioruptor Pico at 4 °C. Lysates were cleared by
centrifugation at 13200 rpm at 4 °C for 15 minutes. For determination of DNA concentration,
20 pL of sheared lysate was diluted with 100 uL TE buffer including 10 pg/mL RNase A. After
30 minutes at 37 °C, 3.8 pL proteinase K (20 mg/mL) and 1% SDS was added and incubated
for 2 hours at 37 °C followed by overnight incubation at 65 °C for reversal of the cross-linking.
Samples were resuspended in 240 pL NTB buffer from the NucleoSpin® Gel and PCR Clean-
Up Kit and DNA was purified according to the manufacturer’s instructions. DNA was eluted
with 50 pL elution buffer (5 mM Tris pH 8.5) and concentration was determined by NanoDrop.
For the IP reactions, the following antibody amounts were added to precleared-lysate volumes
equivalent to 10 ug of DNA: 2 pg anti-H3K27ac, 10 pg anti-H3K4me3, 2 ug anti-H3K27me3,
and 2 pg IgG. The volume was adjusted to 100 uL with lysis buffer. Next, 30 uL of a protein
A/G sepharose mixture, pre-equilibrated in ChIP dilution buffer were diluted in 900 pL of ChIP
dilution buffer, and mixed with the samples and antibodies, and were incubated at 4 °C while
rotating overnight. Next day, the beads 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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buffer for 5 minutes each while rotating at 4 °C. Beads were finally resuspended in 100 uL. TE
buffer including 10 pg/mL RNase A. In parallel, 1/10 volume of the initial lysate (10% input
samples) were treated accordingly. After 30 minutes at 37 °C, 3.8 uL proteinase K (20 mg/mL)
and 1% SDS were added and both input and immunoprecipitated fractions were incubated for
at least 2 hours at 37 °C followed by overnight incubation at 65 °C for reversal of cross-linking.
DNA was purified using the NucleoSpin® Gel and PCR Clean-Up Kit. DNA was eluted with
50 uL elution buffer and stored at —20 °C until further use. Regions of the genome were
determined by previous studies (Smith et al. 2009; Zhang et al. 2013; Zhu et al. 2013), as well
as the UCSC’s built-in track JASPAR 2020 transcription factor binding site database. Selected
regions were analyzed by real-time qPCR using the QuantStudio 3 Real-Time PCR system,
using primers in Table 2.7. The reaction mixture contained 2 pL. of ChIP or input DNA (diluted
1:10 to represent 1% of input DNA), 4 uL of 1 uM of specific primer mix and 10 pL of
PowerUp SYBR Green master mix in a total volume of 20 uL. PCR cycles are described in
Table 2.20. 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 % input (IP) is
calculated based on the following equation: 100 * 2*(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 setups for ChIP-qPCR analyses.

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

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

Initial Denaturation, Taq activation | 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 15 sec 0.1 °C stepwise
increase in
temperature

End 4°C hold

2.2.7.2. Genomic DNA isolation
Genomic DNA was extracted from cells using PureLink genomic DNA mini kit. G55
cells from a 70% confluent 10 cm TC dish were harvested through trypsinization and processed

according to the manufacturer’s instructions.

2.2.7.3. Plasmid DNA isolation
To isolate plasmid DNA from bacteria, different kits were used depending on the
experimental need. For small-scale plasmid DNA purification used for determining the
sequence of the plasmids, 4 to 6 mL of starter liquid culture was processed with the DNA-spin
Plasmid DNA Purification Kit, according to the manufacturer’s instruction. For large-scale
plasmid purification, the starter liquid culture was incubated in up to 200 mL of LB medium
with the appropriate antibiotics overnight, and the PureLink HiPure Plasmid Maxiprep Kit was

then used according to the manufacturer’s protocol.

2.2.7.4. Plasmid DNA sequencing
To verify the correct sequences of plasmids, plasmid DNA were sent for sequencing to
Microsynth AG (Switzerland) according to the requirements set by the service provider. In
general, 1 pug of DNA in 12 pL of TE buffer were sent for sequencing in case of available
sequencing primers at Microsynth. Alternatively, for specific primer sequences, 3 uL of 10 uM

primer was added to the DNA sample.
2.2.75. PCR cloning

To have an extended SNAII gene promoter sequence for DLR assay which includes
transcription starting site (TSS), Phusion high-fidelity DNA polymerase was used to amplify
the fragments of interest -1041 bp to +38 bp of the SNAII promoter sequence from genomic
DNA of G55 cells, using primers listed in Table 2.8. A 50 pL reaction mix contained 0.5 pL
Phusion polymerase, 10 pL 5% Phusion green HF buffer, 1 pL of 10 mM dNTPs, 1.5 uL DMSO,
2.5 puL of each forward and reverse primer (10 uM) in DEPC-treated water. The cycling
program is shown in Table 2.21.

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 sequences of SNAIl1 gene
promoter used for DLR assay, first a pGL2 vector encompassing SNAI1 promoter sequence
(Fujita et al. 2003) and the pGL3-basic vector were digested with HindIII and Kpnl. The 40 pL
reaction mix consisted of 2 pug of plasmid DNA, 10x Tango buffer, and 16 pL of both Kpnl and
HindIII, and nuclease-free water and it was incubated at 37 °C for four hours. In order to create
pGL3-Snail#2, up to 200 ng of the desired amplified and gel-extracted SNAI1 promoter
sequence was mixed with 2 pL of 10x FastDigest Green Buffer, and 1 uL each of FastDigest
Mlul and FastDigest Xhol, and filled up to 30 uL with nuclease-free water, incubated at 37 °C
for 20 minutes. Heat inactivation was used to stop the reaction at 80 °C for 20 minutes. Double
digestions were usually conducted as recommended on the following website.

https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-

biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-

scientific.html

2.2.7.7. Agarose gel electrophoresis

For separation and analysis of DNA after chromatin decrosslinking, PCR amplification,
or double digestion, agarose gel electrophoresis was used. Depending on the size of the DNA
fragments 0.8-2% gels were casted. The appropriate amount of agarose (0.8 to 2g) was
dissolved in 100 mL 1x TAE through boiling in a microwave. Volume was adjusted to the
respective gel tray. 4 uL of 10 mg/mL SYBR Safe DNA gel stain solution was added 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 minutes. 6x gel loading dye was added to the samples, which were
then loaded onto the gel placed in a gel electrophoresis chamber (Thermo Fisher Scientific)
filled with 1x TAE buffer. Appropriate DNA ladders were used to determine DNA fragment
lengths. The electrophoresis ran for about 40 minutes at 120V. Afterwards, the DNA was
visualized using a blue/green light-equipped FastGene FAS-V 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 stored at -20
°C until further use. The recovery of DNA from gel slices was performed using the Monarch
DNA gel extraction kit according to the manufacturer’s instructions. The DNA was eluted in

10 uLL 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 nm vs. 230 nm was calculated. A clean and pure DNA preparation should have a 260/280
ratio of around 1.8 and a 260/230 ratio of around 2.0-2.2.

2.2.7.10.  Ligation
For ligation reaction, 1 pL of around 20 ng of pGL3-basic linearized vector, 5 pL of
insert (purified extracted DNA), 1 uL of 10x T4 DNA ligase buffer, and 0.5 uL of T4 DNA
ligase were mixed and filled up to 10 pL with DEPC-water in a sterile 1.5 mL tube. The reaction

was performed at RT for 1 hour.

2.2.8. Animal experiments

Animal experiments were approved by the veterinary department of the regional council
in Darmstadt, Germany (V 54 - 19 ¢ 20/15 - FR/1018). All experiments were performed in 6-8
week-old female C57BL/6 or NMRI nu/nu mice (Charles River) that were kept in a specific

pathogen-free 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
xylazine anesthesia mix. For transplantation, 100 uL of tumor cell suspension containing 1 X
10% LLC1 cells per animal were injected subcutaneously into the right flank of C57BL/6 mice.
5 x 10° H2030 cells were resuspended in 100 pL of 1:1 PBS / Matrigel 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 Width?)/2. Mice were maintained until the tumor exceeded a volume of 2000 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, 12040-01). In the postoperative period, animals were
administered analgesia (5 mg/kg of Rimadyl, Zoetis) directly after operation and 24 hours later,
to relieve pain. Animals were kept for another 8 weeks to check for lung metastasis. When no
metastasis was formed, 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 pL of tumor cell suspension containing 1-5 x 105 LLC1 or 2.5 x 10 H2030
cells per animal were injected into the distal end of the tail vein of C57BL/6 or NMRI nu/nu
mice, respectively.
2.2.84. In vivo bioluminescence imaging
In vivo bioluminescence imaging (BLI) of the LLC1-transplanted mice was performed
with the help of the Lumina II in vivo imaging system (IVIS Lumina II, PerkinElmer). In brief,
animals were imaged under general anesthesia with isoflurane (1-3%) administered via an
inhalational anesthesia system (PerkinElmer). For detection of in vivo bioluminescence, 8
minutes prior to image acquisition mice were given a solution of D-luciferin by intraperitoneal
injection at 150 mg/kg. Image analysis was done using the Livinglmage 4.2 software

(PerkinElmer).

2.2.8.5. Tissue dissociation and sample preparation

To determine if cancer cells expressing sLP-mCherry 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 on ice in 1x digestion buffer, diluted by serum-free RPMIL.
The minced tumor fragments were then digested at 37 °C for 30 minutes, with continuous
mixing every 5 minutes, then passed through an RPMI-pre-moistened 70 pm MACS
SmartStrainer (Miltenyi Biotec, #130-098-462). 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 minutes, at 4 °C, and supernatant was discarded. Red blood cells
were lysed with 3 mL RBC lysis buffer for 3 minutes at RT, and then washed with 10 mL
RPM]I, filtered through 70 um MACS SmartStrainer, and centrifuged. The cell pellets were
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
SNAII or IDHI mRNA expression were determined through analysis of the Cancer Genome
Atlas (TCGA) GBM database, which is available through GlioVis webserver
(http://gliovis.bioinfo.cnio.es), using optimal cutoff. The correlation between SNAII or IDHI

mRNA levels and overall survival was evaluated with the Cox proportional hazards regression

model, using the Kaplan—Meier plotter (KM-plotter) website (https://kmplot.com/analysis/) in

breast cancer with positive lymph node metastasis, and in lung adenocarcinoma. To evaluate
the combinatorial effect of SNAI1 and IDH1 expression on patient survival, datasets were
obtained from KM-plotter for breast cancer patients with lymph node positive metastasis and
for lung adenocarcinoma. The datasets were manually stratified into two groups: (1) IDH1 high
/ SNAII 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
SNAII 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 death, or 0, where the subject was

instead censored at this time.

2.2.10. Visualization of sequencing data

To assess the binding of transcription factors c-Myc and HIFs (HIF-1a, HIF-2a, HIF-
1B) to the SNAII promoter, publicly available ChIP-seq datasets were retrieved from the NCBI
Gene Expression Omnibus (GEO) repository. The search was refined to include ChIP-seq
experiments specific to Myc or HIF family members in 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 the Integrated Genome Browser
(IGB) to assess the presence or absence of transcription factor binding signals over the promoter
and gene body region of SNAII1 using the human genome assembly (hg38). Subsequently,

selected BigWig datasets were uploaded to the Galaxy web platform (https://usegalaxy.org/) to

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 SNAI1 locus from various cancer cell lines. In addition to the
user-defined custom tracks, UCSC’s built-in ENCODE regulation track for histone
modifications, such as H3K4me3 and H3K27ac, was used to provide epigenetic regulation
information at the SNAIl promoter. High resolution screenshots of the ChIP-seq 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 two-tailed unpaired Student’s ¢-tests or one-way Anova followed
by post hoc analysis using Dunnett or Tukey’s multiple comparison tests (*P < 0.05; **P <
0.01; ***P < 0.001). Detection of mathematical outliers was performed using the Grubbs’ test
in GraphPad. At least two to three independent replicates were performed with similar results,
unless stated otherwise. Data are presented as means + standard error of means (SEM), unless
otherwise specified. Statistical significance in Kaplan-Meier survival plots was assessed with
log-rank P-values obtained from the KM plotter/ GlioVis websites or using the GraphPad Prism

software.
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3. Results

3.1. Snail is the sole EMT transcription factor consistently and highly upregulated by
TGFP across brain, breast and lung tumor cell lines

To investigate the role of a-KG in regulating EMT and invasion induced by either hypoxia or
TGFp in shIDHI cells, we first revisited the effect of TGF3 on EMT induction in parental cells.
To this end, bulk RNA-seq was performed on U87MG glioblastoma, MDA-MB-231 breast
carcinoma, and A549 lung adenocarcinoma cells treated with 5 ng/mL TGFp for the time points
indicated on Fig 3.1. These time points were selected based on a TGF[} time-course experiment
conducted on the same cell lines (data not shown, see Fig. 2.1 for experimental setup). Two
time points were chosen according to the highest induction of SNAII, as increased SNAII
levels were observed upon TGFf treatment in IDH1-depleted cells (Fig. 1.9) (Bogtircii-Seidel
2018). Notably, among the EMT regulators listed in the PMT gene set (Karsy et al. 2016), and
the EMT transcription factors consensually defined by Lambert and Weinberg (2021) and Yang
et al. (2020), SNAII was strongly and robustly upregulated across all three cancer cell lines
(Fig. 3.1a). This observation was further validated by RT-qPCR (Fig. 3.1b), showing an over
fifty-fold, two-fold, and almost twelve-fold increase in SNAII transcript levels following TGFf3
stimulation in U§7MG, MDA-MB-231, and A549, respectively. Interestingly, none of the PMT
TFs were upregulated, whereas PRRX1 and FOXC1 showed increased expression following
TGFP treatment only in US7MG (Fig. 3.1a). A TGFp time course experiment conducted in
LLC1 mouse Lewis lung carcinoma cells showed a comparable pattern of core EMT TF
induction. After TGFp treatment, specifically at earlier time points (3 and 6 hours), Snail
expression exceeded that of other EMT transcription factors 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 Cdhl (E-cadherin), a direct transcriptional target of Snail, at 6 hours, and
peaking of the mesenchymal marker Cdh2 (N-cadherin) quickly at 3 hours (Fig. 3.1d). Other
core EMT TFs were either not consistently upregulated across the different cell lines or were
not induced upon TGFp treatment (Fig. 3.1a,d). These results supported earlier observations in
our laboratory (Fig. 1.9) (Bogiircii-Seidel 2018), emphasizing the role of Snail as a master EMT
regulator in the three cancer types, and prompted us to explore the link between a-KG and Snail

in greater depth.
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Figure 3.1.TGFp stimulation increases Snail level in different cancer cell types. a. Heatmap derived
from bulk RNA-seq depicting the differential expression of PMT (Karsy et al. 2016) and EMT (Lambert
and Weinberg 2021; Yang et al. 2020) transcription factors in US7MG, MDA-MB-231, and A549 cells
following TGFp treatment at two time points. Columns represent individual replicates (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 as highest). b. RT-qPCR analysis of the
EMT transcription factor Snail in the three cell lines, under the indicated conditions (n=3 technical
replicates). Graphs are representative of four independent experiments. ¢. Western blot detection of
Snail levels in LLC1 cells treated with 5 ng/mL TGFp for different time points (n=1). d. RT-qPCR
determination of mRNA levels of EMT TFs and markers in LLC1 cells under the same conditions (n=3
technical replicates). The treatments and western blot were carried out with the help of Anna Gomeniuk,
whereas RT-qPCR was carried out in collaboration with Anna Gomeniuk and Weam Maddadeh. Here
and in subsequent western blots, Tubulin served as a loading control. Data are normalized to the control
condition. Results are presented as means + standard error of means (SEM) (b,d).
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3.2. TGFp-induced Snail is suppressed by a-KG addition

To determine the concentration of a-KG required to downregulate Snail expression, and
to validate previous findings of our lab, MDA-MB-231 and A549 cells were treated with TGFf
for 72 hours to induce Snail expression. During the final 24 hours of TGFf treatment, increasing
concentrations (in 2 mM increments) of a cell-permeable form of a-KG (Dm-a-KG) were added
(Fig. 2.2b). Here, 6 mM and 8§ mM Dm-0-KG remarkably reduced Snail protein levels (Fig.
3.2a). Slug levels, although slightly reduced, remained largely unchanged across different a-
KG concentrations in both cell lines. To further corroborate the role of a-KG in regulating Snail
levels, we first conducted RT-qPCR analyses on US7MG, G55, MDA-MB-231, and A549 cells
treated with TGFp for 72 hours, and with 6 mM or 8 mM Dm-a-KG in the last 24 or 6 hours
(Fig. 2.2b), focusing on mRNA levels of core EMT transcription factors (SNAI1, SNAI2,
ZEB1, ZEB2, TWIST1 and TWIST2). Indeed, the most pronounced changes were observed for
SNAII, which mRNA levels were strongly upregulated by TGFp and downregulated upon
subsequent a-KG treatment in a dose- and time-dependent manner across all four cell lines (Fig.
3.2b), with the exception of A549, where 6 hours-treatment of a-KG showed lower SNAII
mRNA levels compared to 24 hours. SNAI2 mRNA levels were moderately increased
following TGFp treatment in carcinoma cell lines (MDA-MB-231 and A549), but not in
glioblastoma cell lines. Moreover, its levels in carcinoma cells were also reduced upon a-KG
treatment. Notably, TWIST1 and TWIST2 were not detectable in MDA-MB-231 cells.
Consistently, western blot analyses confirmed an increase in Snail and Slug levels upon TGFf
induction, then a gradual reduction in Snail following a-KG treatment across all cell lines, while
Slug level remained unchanged in G55, but was reduced in MDA-MB-231 and A549 cells (Fig.
3.2¢), consistent with its differential mRNA expression. Generally, extended a-KG exposure
(24 hours) and/or higher concentrations (8§ mM) led to a more substantial decrease in both Snail
mRNA and protein levels compared to shorter treatment (6 hours) and/or lower concentration
(6 mM). These results highlight that Snail levels are strongly induced upon TGFp treatment in

various cancer cell types and clearly reduced upon a-KG supplementation.
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Figure 3.2. 0-KG treatment reduces TGFp-induced EMT induction. a. Western blots of Snail and
Slug in MDA-MB-231 and A549 cells upon treatment with 5 ng/mL TGFp for 72 h and increasing
concentrations of a-KG (2 mM up to 8 mM in 2 mM increment) in the last 24 h (n=3). b. RT-qPCR
analysis of the expression of the core EMT TFs SNAI1, SNAI2, ZEB1, ZEB2, TWIST1, and TWIST2
in glioblastoma cell lines U87MG and G55, breast cancer cell line MDA-MB-231, and lung cancer cell
line A549 upon treatment with TGFp for 72 h, and Dm-a-KG for the last 6 h or 24 h in increasing
concentrations (6 mM and 8 mM), (n=3 technical replicates). Shown are representative examples of two
independent experiments with similar results. c. Expression levels of EMT TFs Snail and Slug in the
same cell lines, upon treatment with TGFp for 72 h and Dm-a-KG for the indicated time points or 24 h
if not indicated, 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 + SEM (b).

107



3.3. 0-KG inhibits TGFp-mediated EMT activation

Immunofluorescence staining of Snail validated previous observations (Fig. 2.11),
showing that Snail signal intensity and nuclear localization were massively induced upon TGFf3
treatment, and subsequently, significantly reduced upon a-KG supplementation in all three
cancer cell lines (Fig. 3.3a-c). The nuclear localization of Snail correlates well with its TF
function. Vimentin, another established mesenchymal marker was also assessed (Fig. 2.12), and
a clear increase in the immunofluorescence signal was detected in both MDA-MB-231 and
AS549 cells following TGFp addition. The increase was reversed to baseline levels in MDA -
MB-231 and was reduced to almost 80% in A549 upon a-KG treatment (Fig. 3.3d).
Remarkably, TGFf-induced changes in Vimentin’s subcellular distribution were also observed.
Vimentin levels have been previously found unaffected by TGFf supplementation in GBM
cells (Goos 2015) and thus not investigated here. Further immunofluorescence (Fig. 2.13), and
western blot analyses (Fig. 3.3e,f) of the epithelial marker transmembrane cell adhesion
molecule E-cadherin in A549 cells revealed its downregulation following TGFp treatment,
consistent with Snail induction. This downregulation was also reflected at the mRNA level,
alongside increased expression of the mesenchymal markers N-cadherin and Vimentin (Fig.
3.3g). Remarkably, neither 72 hours (Fig. 3.3e) nor 24 hours (Fig. 3.3f,g) of a-KG treatment

reversed E-cadherin expression.
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Figure 3.3. Immunofluorescence analyses of a-KG-mediated suppression of TGFp-induced EMT.
a. Immunofluorescence staining of EMT TF Snail in cells treated with 5 ng/mL TGFp for 72 h and Dm-
a-KG (6 mM and 8 mM) for 24 h in U87MG. b. Immunofluorescence staining of EMT TF Snail in cells
treated with 5 ng/mL TGFp for 24 h and Dm-a-KG (6 mM and 8§ mM) for 6 h in MDA-MB-231. c.
Immunofluorescence staining of EMT TF Snail in cells treated with 5 ng/mL TGFp for 72 h and Dm-a-
KG (6 mM and 8 mM) for 24 h in A549. The graphs in (a,b,c) to the right of the images show the fold
change of corrected total nucleus fluorescence (CTNF) for Snail staining. Results are from two
biological replicates, with average of 20 areas per condition imaged and analyzed. Scale bars indicate
20 pm. d. Immunofluorescence staining of mesenchymal marker Vimentin in MDA-MB-231 and A549
cells treated with 5 ng/mL TGFB and Dm-0-KG (6 mM and 8 mM) for 72 h. The graphs to the right of
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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 indicate 20 um. e. Immunofluorescence staining for epithelial marker
E-cadherin in A549 cells treated with 5 ng/mL TGFp for 96 h and Dm-a-KG (6 mM and 8§ mM) for 72
h. No quantification was possible due to the absence of a plasma membrane marker. Results are from
one biological replicate, with average of 10 areas per condition imaged. Scale bar indicates 20 um. f,g.
Expression levels of EMT markers E-cadherin, N-cadherin, Vimentin in A549 upon treatment with 5
ng/mL TGFp for 72 h and increasing concentrations of Dm-0-KG (6 mM and 8 mM) for 24 h determined
by immunoblotting (f) and RT-qPCR (g). Data are normalized to control condition, and results are
presented as means + SEM (a-d,g). Statistical analysis was performed using one-way ANOVA,
followed by Dunnett’s multiple comparisons test (a-d), versus TGFp treatment. ***p<0.001.

To further reinforce our findings, we employed MDA-MB-231-VIM-RFP and A549-
VIM-RFP cells, which are engineered by CRISPR-Cas9 technology to stably express RFP-
tagged Vimentin. Flow cytometry analysis under the same treatment conditions, revealed that
a-KG supplementation significantly reduced the percentage of Vim-RFP-positive cells
compared to TGFB-treated condition (Fig. 3.4a). This observation was further reinforced by a
concomitant decrease in Vimentin and Snail protein levels in the same cell lines, as determined
by western blot analysis (Fig. 3.4b). Together, these results support the role of a-KG as a

negative regulator of EMT, by suppressing both Snail and Vimentin expression.
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Figure 3.4. Flow cytometry analyses of a-KG-mediated suppression of TGFp-induced EMT. a.
FACS analysis of Vimentin-RFP+ fractions in MDA-MB-231-VIM-RFP and A549-VIM-RFP upon
treatment with 5 ng/mL TGFf and Dm-a-KG (6mM and 8mM) for 72 h (n=4). Treatment and FACS
analysis were conducted by Nuray Bdogiircii-Seidel and Sascha Seidel. Data are normalized to control
condition. Results are presented as means + SEM. Statistical analysis was performed using one-way
ANOVA, followed by Dunnett’s multiple comparisons test, versus TGFp treatment. *p<0.05; **p<0.01;
**%p<0.001. b. Supplementary western blot analyses of Vimentin and Snail in the same cell lines upon
treatment with 5 ng/mL TGFf for 72 h and Dm-a-KG (6 mM and 8 mM) for 24 h. Shown are
representative immunoblots of two independent experiments with similar results.

3.4. a-KG suppresses TGFpB-induced cellular invasion
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
role of 0-KG in reversing invasive potential, by treating cells with TGFf and a-KG as indicated
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 all three cancer cell types with TGFPB markedly enhanced their invasive
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capacity, whereas supplementation with increasing concentrations of a-KG in the last 24 hours
significantly reversed their invasion (Fig. 3.5a). A549 cells exhibited the most pronounced
TGFB-induced invasiveness yet showed the least reversal upon o-KG treatment. To assess
whether 0-KG could also prevent invasion, cells were first pre-treated with increasing
concentrations of 0-KG (in 2 mM increments) 3 hours prior to a 72 hours TGFf treatment,
followed by analysis in the modified Boyden chamber assay for another 24 hours (Fig. 2.7¢).
Interestingly, increasing a-KG concentrations gradually, but mildly suppressed invasive
capacities of A549 cells apart from the 8 mM treatment condition (Fig. 3.5b). Furthermore, the
anti-invasive role of a-KG in the absence of a microenvironmental cue, such as TGFf, was
evaluated. MDA-MB-231 cells, which are more at the mesenchymal end of the EMP spectrum,
were treated with a-KG for 24 hours without prior TGFf stimulation (Fig. 2.7¢). Intriguingly,
a-KG significantly diminished the intrinsic invasive capacity of these cells, as revealed by a
Boyden chamber assay, and concurrently reduced Snail protein levels, as shown by western
blot analysis (Fig. 3.5¢).

To independently validate these findings, we generated a subpopulation of MDA-MB-
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 assay. Cells that
invaded through the Matrigel-coated Transwell membrane were collected and propagated after
each round. The final selected highly invasive cells were designated as 110, while cells which
did not initially pass through to the lower chamber from the first round, were designated as non-
invasive (ni) cell population (Fig. 3.5d, see section 2.2.1.13). MDA-MB-231 110 cells displayed
substantially elevated invasive potential relative to ni cells, in the presence or absence of TGFf3
(Fig. 3.5e, Fig. 2.7d for setup). Importantly, supplementation with a-KG significantly and
strongly inhibited 110 cells invasiveness in the absence of TGFf treatment (Fig. 3.5f, Fig. 2.7¢
for setup).

111



Us7TMG MDA-MB-231 Ab49 AS49

Invasion rate
Invasion rate

(=]
Invasion rate
o ~ N o =]
Invasion rate

o~

e
3]

=
+|
=

0.0

—JaKG - . =—TJakKG - - =——]akKG |

[ — [ —] [ — I
Co +TGFB Co +TGFR Co +TGFp Co +TGFB
c d e f
MDA-MB-231 MDA-MB-231
% ) -
c kk il
5 4.0 e 25
go. medium
- 3.0 20
non-invasive cells in matrigel
ns 5
0

invasive cells (i1)

s

Invasion rate
— nN

o o <
Invasion rate
o - =

w

\ |
. . — 1
invasive e

)
cells@)f 0. K . 0.0
| | y r ni 10 ni 110 ot ni 10 ——]aKG
= || | | - - + + —_
[=: -
- ";’__A_" invasive cells (i10) TGFp

repeat 10 rounds

e ——
MDA-MB-231

Figure 3.5. 0-KG attenuates tumor cell invasion. a. Invasion rates of U§7MG, MDA-MB-231, and
A549 cells treated with 5 ng/mL TGFp for 72 h and Dm-0-KG for last 24 h in increasing concentration
(6 mM and 8 mM), followed by conducting Boyden chamber assay for an extended 24 or 48 h. (n=5-6
biological replicates per condition). b. Invasion rates of A549 treated with increasing concentration of
a-KG (2 mM up to 8 mM in 2 mM increment) 3 h before addition of 5 ng/mL TGFf for 72 h, followed
by conducting Boyden chamber assay for an extended 24 h with same treatment conditions (n=4-6
biological replicates per condition). ¢. MDA-MB-231 as a MET model, cells were treated with Dm-a-
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 of Snail were determined using Western blotting upon same treatment
conditions (lower). d. Schematic illustration of the generation of non-invasive (ni) and invasive cells
(110). The selection was done, and the BioRender scheme was created by Nuray Bogiircii-Seidel. e.
Invasion rates of MDA-MB-231 ni and 110 cells pre-treated with 5 ng/mL TGFp for 72 h followed by a
Boyden chamber assay for additional 48 h (n=4 biological replicates per condition). f. Invasion rates of
MDA-MB-231 ni and 110 cells pre-treated with Dm-a-KG for 24 h in increasing concentration (6 mM
and 8 mM) without prior TGFf treatment followed by a Boyden chamber assay for additional 48 h (n=5-
6 biological replicates per condition). Data are normalized to control condition. Results are presented as
means + SEM. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s (e) or
Dunnett’s multiple comparisons test (versus TGFp treatment) when appropriate. *p<0.05; **p<0.01;
**%p<0.001.

To exclude the possibility that reduced invasiveness observed following a-KG treatment
was due to impaired cell proliferation or increased cell death, we performed proliferation assay
on all three cancer cell types following treatment with TGFp for 72 hours, in addition to a-KG
for 24, 48, or 72 hours (check Fig. 2.8 for experimental setup). We monitored the cell count and
the percentage of viable cells using a CASY Cell Counter and Analyzer System. While a-KG
treatment led to a significant reduction in US7MG cell count compared to TGFp-treated cells

(Fig. 3.6a), the percentage of viable cells remained largely unchanged with an average of
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92.96% + 0.95% (mean + standard deviation) viable cells (Fig. 3.6b). A variation in
proliferation between treatment conditions in MDA-MB-231 was also evident, with a non-
significant decrease in cell count in the 24 hours a-KG conditions (Fig. 3.6c). While serum
deprivation reduced viability to an average of 90.31 % =+ 2.39 %, additional treatments had no
further measurable effect on viability (Fig. 3.6d). Finally, A549 showed the least variability of
cell count between treatment conditions (Fig. 3.6e). They also showed the highest and least
variable viability with an average of 95.23% + 0.76% (Fig. 3.6f). Notably, US7MG cell
treatments were conducted under TSM conditions, rather than adherent conditions, except
during Boyden chamber assay pre-treatment. Collectively, while a modest effect on U87MG
proliferation was observed, these results support a role for a-KG in suppressing the invasive

potential of various cancer cell types without substantial cytotoxic or antiproliferative effects.
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Figure 3.6. a-KG has minor effect on cell proliferation and no remarkable impact on viability.

a,c,e. Analysis of cell proliferation by end-point cell counting. US7MG (a), MDA-MB-231 (¢), and

A549 (e) cells were treated with 5 ng/mL TGFp for 72 h and Dm-a-KG for the last 72, 48, or 24 h in

increasing concentration (6 mM and 8 mM), (n=3 biological replicates, representative of two

independent experiments). Results are presented as means + SEM. b,d,f. Analysis of percentage cell
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viability at the end of the described treatment in U87MG (b), MDA-MB-231 (d), A549 (f). Dashed red
line is showing the threshold of viability in control conditions. (n=3 biological replicates, representative
of two independent experiments). Results are presented as means + standard deviation (SD). Data in
(a,c,e) are normalized to control condition. Statistical analysis was performed using one-way ANOVA,
followed by Dunnett’s multiple comparisons test (versus TGFp treatment). *p<0.05; **p<0.01;
**%p<0.001.

3.5. IDHI1 regulates EMT and invasion

To confirm prior findings of our laboratory, we reassessed Snail and IDH1 expression
at protein and mRNA levels in U§7MG control (co) and shIDHI cells treated with TGFp for
72 hours (see Fig. 2.2a for experimental setup). Consistent with earlier results (Fig. 1.9), IDHI
expression was effectively depleted in shIDH1 cells, accompanied by a concomitant increase
in SNAI1 mRNA levels compared to control cells. This upregulation was further induced upon
TGEFP treatment at both protein and mRNA levels (Fig. 3.7a). Moreover, U87MG shIDH1 cells
exhibited a significantly enhanced invasive capacity compared to control cells (Fig. 3.7b).
Remarkably, additional supplementation with a-KG notably reduced Snail protein levels in
U87MG shIDHI1 cells (Fig. 3.7¢). These findings were further validated across multiple cancer
cell lines, including MDA-MB-231-VIM-RFP as a breast cancer model (Fig. 3.7d), as well as
LLC1 pCDH B3 (Fig. 3.7¢) and LLC1 pCDH B3/ sLP mCherry B2 co and shIDHI cells (Fig.
3.7f) as lung cancer models. Efficient IDH1 knockdown was confirmed at both protein and
mRNA levels, in addition to coinciding Snail upregulation in shIDH1 cells, with or without
TGEFp treatment (Fig. 3.7d-f). To achieve robust knockdown of IDH1 in LLCI cells, various
mouse shIDH]1 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. Although Snail mRNA levels were not elevated in LLC1 shIDHI
cells compared to control cells, its expression at protein levels was markedly increased in
shIDH1 cells (Fig. 3.7e,f). Notably, among several EMT TFs, Snail was the only TF induced
upon IDH1 knockdown and/or TGFp stimulation in LLC1 pCDH3/ sLP mCherry B2 cells
within the 6-hours induction period (Fig. 3.7f).
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Figure 3.7. IDH1 depletion induces the EMT TF Snail and invasion. a. Snail (SNAI1) and IDH1
expression levels determined using western blotting (left) and RT-qPCR (right) upon IDH1 knockdown
in US7MG cells, following 5 ng/mL TGFp treatment for 72 h. (co) for control cells and (shIDH1) for
IDH1-depleted cells. Shown is representative of three independent experiments. b. Invasion rates of
U87MG co and shIDHI1 cells as assessed by modified Boyden chamber assay (n=5-6 biological
replicates per condition). Cells were seeded directly in Boyden chamber without pre-treatment 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 covered by non-invaded cells
in the upper compartment is shown on the right. Scale bar indicates 200 um. ¢. Snail and IDHI
expression levels determined using western blotting in U87MG upon 5 ng/mL TGF treatment for 72 h
and Dm-a-KG for the last 24 h in increasing concentration (6 mM and 8 mM). d. Snail and IDHI
expression levels determined using western blotting following IDH1 knockdown in MDA-MB-231-
VIM-RDP cells, upon 5 ng/mL TGFp treatment for 72 h. e-f. Snail (Snail) and IDH1 expression levels
determined using western blotting (left) and RT-qPCR (right) following IDHI knockdown in LLCI
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pCDH B3/ pGIPZ B3 cells (e) or LLC1 pCDH B3/ sLP mCherry B2/ pGIPZ B1 (f), in addition to
examining other EMT TFs in LLC1 pCDH B3/ sLP mCherry B2/ pGIPZ B1 using RT-qPCR upon 5
ng/mL TGFp treatment for 6 h (f). (n=3 technical replicates for all RT-qPCR). RT-qPCR Data are
normalized to control condition. Results are presented as means + SEM (a,b,e,f). p values were
calculated by two-tailed unpaired Student t-test. ***p<0.001.

In contrast, doxycycline-induced overexpression of IDH]1 resulted in a clear reduction
in Snail protein levels in TGFB-treated U87MG cells (Fig. 3.8a, see Fig. 2.4a for experimental
setup). No appreciable change in Snail and IDH1 levels was detected in corresponding control
cells, transduced with pSLIK-GFP, in the presence or absence of doxycycline induction. Snail
levels were found to be higher in pSLIK IDH1-transduced cells compared to control cells
following TGFP supplementation, without doxycycline treatment. Importantly, as IDHI
knockdown was previously shown to induce HIF-a stability at protein levels (Fig. 1.9), induced
IDH1 overexpression markedly suppressed HIF-1a and HIF-2a levels over extended duration
of hypoxic incubation (see Fig. 2.4b for experimental setup), particularly at 6 and 72 hours of
low oxygen exposure (Fig. 3.8b). Although doxycycline alone had a slight effect on HIF-a
levels in control cells, the diminished levels observed upon doxycycline-induced
overexpression of IDH1 remained evident despite this baseline reduction. Taken together, these
results establish a role for IDHI in modulating Snail expression, invasion and HIF-a stability,

via regulating a-KG homeostasis.

a b

Gontrol IDH1 Centrol IDH1
- - Q02 04 - - 02 04 Dox (ug/ml) B e T T S Dox (pslmlj -+ - 4+ -+ -+ -+ -+ Dox (ugﬂ‘ml)
-+ + + -+ + + TGFR 0 0 6 6 24 24 48 48 72 72 96 96 Hypoxia 0 0 6 6 24 24 48 43 72 72 96 96 Hypoxia

\ —_—— — |snai \ --—= | HiF-1a -—-— v | HIF-1a

\ e i s e i S, |1DH1 \ - - —— ——— HIF-2a D ————— e —— ‘H\F—Zg

[—— S| 011 —_——= = __ === |iDH1

‘ ‘Tubulin ‘Tubu\m
UsTMG ) |

Us7MG UB7TMG

Figure 3.8. IDH1-induced overexpression reduces EMT induction. a. Snail and IDH1 expression
levels following IDH1 overexpression in US87MG induced by doxycycline treatment in increasing
concentrations (0.2 and 0.4 pg/mL), and 5 ng/mL TGFp treatment for 72 h. b. HIF-1a, HIF-2a, and
IDHI expression levels following induced IDH1 overexpression in US7MG treated with 0.8 pg/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 depletion-driven invasiveness

To delineate the relationship between IDH1 knockdown, Snail upregulation, and
increased invasiveness, we first depleted Snail in both US87MG 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 IDHI depletion was
effectively abrogated upon further Snail knockdown. This was coupled with efficient Snail
depletion, specifically evident under TGFf treatment in both U§7MG shIDH1 / shSnail, and
MDA-MB-231-POR shIDH1 / shSnail cells, determined by western blotting (Fig. 3.9b). To
further support these findings, we employed an independent approach utilizing the RNP-based
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CRISPR-Cas9 system to knockout Snail in US7MG and MDA-MB-231-POR shIDHI cells.
Snail knockout significantly reversed the enhanced invasiveness characteristic of shIDH1 cells
(Fig. 3.9¢) and was associated with a substantial reduction in Snail protein levels in both
U87MG and MDA-MB-231-POR shIDH1 cells with sgSnail (Fig. 3.9d). Interestingly, partial
depletion of Snail expression using sgSnail#1 resulted in a greater reduction in invasiveness

compared to complete abolishment of Snail achieved by sgSnail#2 (Fig. 3.9¢,d).
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Figure 3.9. Snail knockdown mitigates IDH1 loss-induced invasion. a. Invasion rates of U§7MG
control (co), shIDHI1 and/or shSnail, measured by modified Boyden chamber assay (n=4-5 biological
replicates per condition). Cells were directly seeded in Boyden chamber for 24 h without prior pre-
treatment. b. Snail and IDH1 expression determined by western blot in U§7MG and MDA-MB-231-
POR co/co, co/shSnail, shIDH1/co, or shIDH1/shSnail cells treated with 5 ng/mL TGFp for 72 h. Shown
is representative for two independent experiments. ¢. Invasion rates of U87MG co or shIDH]1 transfected
with non-targeting control (NC#1), or sgSNAI1 (#1 or #2), pre-treated with TGFp for 72 h, followed by
incubation in modified Boyden chamber assay for 48 h (n=5-6 biological replicates per condition). d.
Snail and IDH1 expression determined by western blot in U§7MG and MDA-MB-231-POR co and
shIDH1 upon SNAI1 knockout under TGFp treatment for 72 h. Shown is representative for two
independent experiments. Data are normalized to control condition. Results are presented as means +
SEM (a,c). Statistical analysis was performed using one-way ANOVA, followed by Dunnett’s multiple
comparisons test (versus shIDH1 cells). *p<0.05; **p<0.01; ***p<0.001.

To further dissect the transcriptomic consequences of IDH1 depletion, and the potential
rescue effect of a-KG supplementation on EMT onset and invasiveness, we performed bulk
RNA-seq on U87MG control and shIDHI1 cells treated with TGFB for 72 hours and
supplemented with a-KG for either the last 6 or 72 hours (Fig. 2.10d). A comprehensive list of
potential Snail target genes was manually curated, and a selected list of genes characteristic of
epithelial and mesenchymal states, as well as genes involved in cell adhesion, movement, and

invasion, were assessed (Cano and Nieto 2016; Nieto 2002; Yastrebova et al. 2021). A heatmap
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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 TGFp stimulation, and downregulated following a-KG treatment, consistent with
changes in SNAI1 expression. Among the genes that fulfilled these criteria were MMP7,
MMP13, MMP15, JUP, COL3A1, COL8A2, and COL14A1. We validated the expression
profiles of MMP7, MMP15, and COL14A1 at mRNA levels using RT-qPCR, which were found
to be clearly upregulated upon IDH1 knockdown and/or TGFf treatment. Their expression was
dramatically reduced following a-KG supplementation for 72 hours, but not 6 hours, exhibiting
a comparable expression profile to SNAII (Fig. 3.10b). We further determined the effect of
TGFP and o-KG on these potential Snail targets in parental cells by RT-qPCR (Fig. 3.10c).
MMP7 expression regulation by both TGF and a-KG was inconsistent across the different cell
lines, whereas MMP15 and COL14A1 were robustly upregulated following TGFf treatment,
and reduced upon a-KG supplementation. Interestingly, COL14A1 seems to be mainly
expressed in GBM cells (Fig. 3.10c¢). Collectively, these results support Snail’s essential role in
mediating EMT and invasion in IDH1-deficient cells, potentially through MMPs and collagens,
with Snail depletion recapitulating the suppressive effect of a-KG.
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Figure 3.10. a-KG inhibits Snail transcriptional regulation and suppresses EMT program. a.
Heatmap derived from bulk RNA-seq depicting the differential expression of a selected Snail
downstream targets in U§7MG co and shIDH1 cells upon treatment with 5 ng/mL TGFp for 72 h in
addition to 6 mM Dm-a-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 as highest). b. RT-
gPCR analysis of the expression of SNAI1, in addition to MMP7, MMP15 and COL14A1 mRNA levels
as potential downstream targets of Snail TF, in U87MG co and shIDH1 cells under the same indicated
conditions, (n=3 technical replicates). Shown are representative examples of two independent
experiments with similar results. ¢. RT-qPCR analysis of the expression of MMP7, MMP15 and
COL14A1 mRNA levels in US7MG, G55, MDA-MB-231, and A549 cells upon treatment with 5 ng/mL
TGFp for 72 h in addition to increasing concentrations of Dm-0-KG treatment (6 mM and 8mM) for the
last 24 h, (n=3 technical replicates). Data are normalized to control condition. Results are presented as
means + SEM (b,c¢).

3.7. 0-KG negatively regulates Snail expression partially through the ATP synthase-
mTORC1-c-Myc axis

Previous results in our lab identified that Snail levels are regulated by the IDH1-a-KG-
PHD-HIF signaling pathway (Fig. 1.9). However, HIF1/2-a knockdown only resulted in partial
Snail reduction at both protein and mRNA levels (Bogiircii-Seidel 2018), suggesting that
additional a-KG-dependent mechanisms might also contribute to Snail regulation. Given that
a-KG has been shown to directly inhibit ATP synthase, thereby repressing mTORCI signaling
(Chin et al. 2014), we investigated whether the IDHI-ATP synthase-mTORCI signaling
pathway plays a role in modulating Snail expression.

First, we investigated the impact of a-KG on ATP levels as an indirect readout for ATP
synthase activity, by supplementing TGFp-treated US7MG cells with increasing concentrations
of a-KG for 3 hours (see Fig. 2.9 for experimental setup). a-KG significantly reduced both
ATP/ADP ratio (Fig. 3.11a) as well as ATP levels (Fig. 3.11b). The effect was comparable to
that of oligomycin, an established ATP synthase inhibitor. A similar trend was observed in
U87MG co and shIDHI1 cells pre-treated with TGFp for 72 hours, where supplementation with
increasing concentrations of a-KG for 3 hours dramatically reduced ATP levels compared to
shIDH1 cells treated with only TGF. Co-treatment of oligomycin with a-KG further reduced
ATP levels. Notably, significantly lower ATP levels were observed in TGFp-treated shIDH1
cells as compared to control cells (Fig. 3.11c). Taken together, the results revealed a potent and

quick inhibitory effect of a-KG on ATP synthase.
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Figure 3.11. a-KG reduces ATP levels and the ATP/ADP ratio. a. Effect of Dm-a-KG on ATP/ADP
ratio upon treatment of US7MG with 5 ng/mL TGFp for 72 h and Dm-a-KG treatment (6 mM and 8
mM) for the last 3 h in US7MG, Oligomycin (Oli, 5SuM) was used as a positive control. Results are from
6 biological replicates from two independent experiments. b. Effect of Dm-a-KG on ATP levels upon
treatment of US7MG with 5 ng/mL TGFp for 72 h and Dm-0-KG treatment (6 mM and 8§ mM) for the
last 3 h in US7MG. Oli was used as a positive control. Values were normalized to protein concentration
in pg. Results are from 6 biological replicates from two independent experiments. ¢. Effect of Dm-a-
KG on ATP levels upon treatment of U§7MG co and shIDH1 with 5 ng/mL TGF for 72 h and Dm-a-
KG treatment (6 mM and 8 mM) for the last 3 h. Oli was used as a positive control. Values were
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 one-way ANOVA, followed by Dunnett’s (a,b; versus TGFP treatment) or Tukey’s (¢)
multiple comparisons test when appropriate. *p<0.05; **p<0.01; ***p<0.001.

Next, we examined mTORCI activity by western blot analysis of the phosphorylation
status of its downstream effectors, P70S6K and 4EBP1, following treatment with TGFp for 72
hours, and increasing concentrations of a-KG in the last 24 hours in US7MG, MDA-MB-231,
and A549 cells (Fig. 3.12a-c). Interestingly, in U87MG, TGFp robustly increased
phosphorylation, and thus activity of both effectors, which were suppressed by a-KG
supplementation in parallel with changes in Snail protein levels (Fig. 3.12a). In contrast,
changes in phosphorylation of only 4-EBP1 but not P70S6K were evident in MDA-MB-231
and A549 cells, under the indicated conditions (Fig. 3.12b,c). Moreover, a marked increase in
P70S6K phosphorylation was observed following TGFf treatment in MDA-MB-231, which
was reduced only upon 6 mM a-KG addition (Fig. 3.12b). As ATP can activate mTORC1
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 inhibition of 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 Raptor on Ser792, disturbing its binding
to mTOR thus halting the activity of mTORCI1 complex. Activating phosphorylation of TSC2
was evident in both MDA-MB-231 and A549 (Fig. 3.12b,c), but not US7MG (Fig. 3.12a), upon
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a-KG 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, TGFB-treatment-induced increased phosphorylation of AKT was observed
in A549 cells (Fig. 3.12¢), while a decrease of p-AKT was apparent in MDA-MB-231 cells
(Fig. 3.12b). However, a-KG supplementation reduced p-AKT levels in both cell lines (Fig.
3.12b,c).

As c-Myc and FoxK1 are mTORCI1-regulated transcription factors, and established
SNAII activators (Chen et al. 2017; Smith et al. 2009; H. Xu et al. 2018), we also sought to
examine their expression. a-KG suppressed TGFf-induced c-Myc in all three cell lines,
whereas TGFp-upregulated FoxK1 levels remained unchanged upon a-KG treatment (Fig.
3.12a-c), suggesting that c-Myc may link a-KG-ATP synthase-mTORCI signaling to Snail

regulation.
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Figure 3.12. 0-KG simultaneously reduces Snail levels, ATP synthase-mTORCI1 activity and c-
Myec levels. a-c. Western blot analyses of the activation and phosphorylation levels of mTORCI1
effectors P70S6K and 4EBP1, in addition to activating phosphorylation of TSC2, an upstream negative
regulator of mMTORC1, and an inactivating phosphorylation of Raptor, an mTOR binding partner. c-Myc
and FoxK1 TF levels, and activity status of upstream regulators of mTORC1, AKT and ERK are also
shown. US7MG (a), MDA-MB-231 (b), and A549 (c) cells were treated with 5 ng/mL TGFp for 72 h
and Dm-a-KG (6 mM and 8 mM) for the last 24 h in. Shown are representatives of two independent
experiments.

To further confirm our findings in IDHI-depleted cells and emphasize the a-KG-
dependent control of Snail, we pharmacologically targeted key members of the TGFp-
mTORCI1 signaling axis in US§7MG shIDHI cells under TGFp treatment (Fig. 3.13a-c).
Intriguingly, treating cells with a TGFf inhibitor (SB431542), PI3K inhibitor (L'Y294002) or
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mTOR inhibitor (Rapamycin), effectively blocked TGFp- and IDH1-knockdown-induced Snail
expression and mTORCI activation, while MEK inhibition (U0126) had no effect on Snail
expression (Fig. 3.13a,c). Similarly, treatment with either the ATP synthase inhibitor
oligomycin, or dorsomorphin, an ATP-competitive inhibitor of AMPK which also inhibits the
BMP/AKT pathway, attenuated mTORCI1 signaling, and decreased Snail levels (Fig. 3.13b,c).
Interestingly, AKT and ERK were activated following both IDH1 knockdown and TGFf
stimulation and were downregulated following the pharmacological inhibition of their upstream
signaling molecules (Fig. 3.13a-c). Collectively, these results demonstrate that a-KG dependent
Snail regulation could be driven in part by the ATP-synthase-mTORCI1 signaling axis.
Moreover, our findings highlight that Snail regulation is also mediated by TGFp-PI3K-AKT-
mTORCI1 but not TGFB-MEK-ERK-mTORCI signaling.
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Figure 3.13. Snail regulation is mediated through two pathways converging on mTORCI. a. The
activity of upstream and downstream factors of mTORCI signaling and Snail expression levels were
determined using western blotting upon inhibition of several factors in the TGFB-mTORCI signaling
cascade using Rapamycin (Rap, 10uM), U0126 (U0, 10uM), LY294002 (LY, 20uM), SB431542 (SB,
10uM), Oligomycin (Oli, 5uM), and Dorsomorphin (Dor, 5pM) in addition to treatment with 5 ng/mL
TGFpB for 72 h. The treatments with inhibitors started 2 hours prior to TGFpB addition. Shown are
representative examples of two independent experiments b. The activity of upstream and downstream
factors of mTORCI signaling and Snail expression levels were determined using western blotting upon
inhibition of several factors in the TGFB-mTORCI1 signaling cascade using Oligomycin (Oli, SuM), and
Dorsomorphin (Dor, 5pM) along with TGFp treatment (5 ng/mL) for 3, 6, or 24 h. The treatments with
the inhibitors started 5 min prior to TGFP addition. Shown are representative examples of two
independent experiments. ¢. Diagram showing the TGF-mTORCI1-c-Myc and a-KG-ATP synthase-
mTORCI1-c-Myc axis and the targets of the inhibitors used in (a,b). Created by Biorender.com.

3.8. 0-KG negatively regulates Snail expression synergistically through PHD-HIF
and ATP synthase-mTORC1-c-Myc pathways

c-Myc, FoxK1 and FoxK2 are direct targets of mTOR signaling and all three TFs are
known to bind regulatory regions of the SNAI1 gene (Chen et al. 2017; Smith et al. 2009; H.
Xu et al. 2018). To test whether they could mediate Snail expression upon IDH1 knockdown
and TGFp stimulation, we transiently transfected U87MG shIDH1 cells with siRNAs targeting
each factor, followed by TGFp treatment. Among the three factors, only c-Myc downregulation
resulted in partial reduction in Snail expression at both protein and mRNA levels (Fig. 3.14a,b).
In contrast, despite efficient silencing of FoxK1, and partial knockdown of FoxK2, Snail levels
remained largely unaffected. We also confirmed the knockdown efficiency of these

transcription factors at mRNA levels by RT-qPCR (Fig. 3.14c).
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Figure 3.14. a-KG controls Snail levels partially through c-Myc. a-b. Effects of siRNA-mediated
cMyc, FoxKl1, and FoxK2 knockdown on Snail levels under 5 ng/mL TGFf treatment for 48 h,
determined by immunoblotting (a) and RT-qPCR (b). ¢. RT-qPCR analysis of MYC, FOXK1, FOXK2
knockdown efficiency in US7MG shIDHI1 cells under TGFp treatment for 48 h. Data in (b,c) are from
n=3 technical replicates within a single experiment. siRNA knockdown experiments were conducted by
Sascha Seidel. Shown are representative examples of three independent experiments. Data are
normalized to control condition. Results are presented as means + SEM (b,c).

To further assess the potential cooperative contribution of HIF-a and c-Myc in
regulating Snail level, we silenced HIF-1/2a, c-Myc, or the combination of them in U§7MG
shIDH1 cells using siRNAs, followed by TGFp stimulation. Snail siRNA served as a positive
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control. Interestingly, simultaneous depletion of HIF-1/2a and c-Myc resulted in further
abrogation of Snail expression at both protein and mRNA levels, compared to individual
knockdowns, as determined by western blotting and RT-qPCR (Fig. 3.15a-c). Taken together,
these data and previous data from the lab support a model in which a-KG inhibits Snail levels
through converging pathways, including the PHD-HIF axis, as well as ATP synthase-
mTORCI1-c-Myc signaling.
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Figure 3.15. a-KG suppresses Snail levels through converging pathways. a-b. Effects of siRNA-
mediated HIF-1/2a (HIF-10 and HIF-2a) and/or c-Myc knockdown on Snail levels under 5 ng/mL TGFf
treatment for 48 h, determined by immunoblotting (a) and RT-qPCR (b). ¢. RT-qPCR analysis of HIF-
la, HIF-2a, and MYC knockdown efficiency under TGF for 48 h. Data in (b,c) are from n=3 technical
replicates within a single experiment. Shown are representative examples of two independent
experiments. Data are normalized to control condition. Results are presented as means + SEM (b,c).

3.9. IDHI1 depletion-mediated Snail regulation occurs at the transcriptional level
Given our interest in SNAII gene regulation and considering a-KG as a co-substrate for
several JmjC domain-containing KDMs, we initially examined global histone modification
changes in MDA-MB-231 and A549 cells, following TGF and a-KG treatment via western
blotting. No gross changes were observed under either condition (Fig. 3.16a,b), suggesting that

a-KG-dependent chromatin changes are more subtle and require locus-specific investigations.
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Figure 3.16. 0-KG supplementation does not affect global pattern of histone modification. a-b.
Western blot analyses of H3K27me3, H3K36me3, and H3K4me3 levels in MDA-MB-231 (a) and A549
(b) upon treatment with 5 ng/mL TGFp for 72 h and Dm-a-KG treatment (6 mM and 8 mM) for the last
24 h (n=1).
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To evaluate chromatin changes at the SNAII locus, we first performed ChIP-qPCR in
MDA-MB-231 cells treated with TGFp (Fig. 2.14a), using an H3K27ac antibody and primer
sets spanning regions associated with active chromatin remodeling and known c-Myc and HIF
binding sites (Fig. 3.17a), primers were designed based on previous studies (Smith et al. 2009;
Zhang et al. 2013; Zhu et al. 2013), or using the JASPAR 2000 transcription factor binding site
database track in UCSC genome browser. This analysis revealed an enrichment of the active
histone mark H3K27ac at the proximal TSS region, and at nearby E-box/HRE elements (Fig.
3.17b), which are established binding sites for c-Myc and HIF TFs.
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Figure 3.17. TGFp-induced chromatin regulation the SNAIl1 gene promoter. a. Schematic
illustration of ChIP-qPCR primers targeting regions up and downstream of the SNAIl gene TSS.
Established E-Boxes and HREs are shown, or identified by sequence analyses (potential E-Box, E-
Box/HREs) are indicated. Created by Biorender.com. b. ChIP-qPCR analysis of the H3K27ac active
chromatin marker at the Snail promoter in MDA-MB-231 upon treatment with 5 ng/mL TGFp for 72 h.

Shown are representative examples of two independent experiments. Results are presented as means +
SEM.

We next conducted ChIP-qPCR in U87MG control and shIDHI cells treated with TGFf3
and o-KG for 72 hours (Fig. 2.14b) using the primers depicted in Fig. 3.17a. Here, we also
observed increased enrichment of the active histone marks H3K27ac and H3K4me3 around the
TSS (Fig. 3.18a), as well as at c-Myc and HIF binding regions (Fig. 3.18b). This enrichment
was enhanced upon both IDH1 depletion and TGFp treatment and was attenuated upon a-KG
supplementation. In contrast, the repressive histone mark H3K27me3 showed no substantial
changes across most regions tested, except for an a-KG-induced enrichment at
SNAI1+120/+205, which harbors a putative c-Myc E-box element (Fig. 3.18b, right). In line
with this, H3K27me3 occupancy was at this site higher in US87MG co compared to US7MG
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shIDH1, regardless of TGFf treatment. These findings indicate that IDH1 depletion and/or
TGEFp treatment contribute to gene promoter activation at the SNAII locus, whereas a-KG acts

to reverse these changes.
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Figure 3.18. a-KG regulates Snail at promoter level. a. Promoter-proximal and b. promoter-distal
ChIP-qPCR analyses of the active chromatin marks H3K27ac, H3K4me3, and the inactive chromatin
mark H327me3 at the SNAII gene locus in US7MG co and shIDH1 cells upon 5 ng/mL TGFf and 6
mM Dm-0-KG treatments for 72 h. Shown are representative examples of two independent experiments
for H3K27ac and IgG. Treatment, ChIP and Snail -33/+58 qPCR were conducted by Nuray Bogiircii-
Seidel. Data are presented as means + SEM.

Due to unsuccessful pulldown of c-Myc and HIF-bound DNA fragments in ChIP
experiments, we only mined publicly available ChIP-seq datasets from the GEO database, and
visualized the data aligned with the SNAI1 locus and active histone marks using the UCSC
Genome Browser with the integrated ENCODE regulation track. This analysis revealed c-Myc
enrichment at regions upstream of SNAII in various human cancer cell lines, coinciding with
elevated levels of H3K27ac and H3K4me3 (Fig. 3.19a), indicative of transcriptionally active
chromatin. Similarly, HIF-1p3, HIF-1a, and HIF-2a ChIP signals were detected in close
proximity to c-Myc binding regions, overlapping with E-Box/HRE elements and with sites

marked by H3K27ac and H3K4me3. In contrast to HIF-20, however, HIF-1p and HIF-1a
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signals appear to be either dispersed across the gene or lack specificity (Fig. 3.19b). These
findings support the hypothesis that both c-Myc and HIFs can directly regulate Snail
transcription through interaction with promoter elements, potentially acting in combination

with the epigenetic activation observed under TGFp stimulation and/or IDH1 knockdown.
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Figure 3.19. c-Myc and HIFs bind to the Snail promoter. a. Visualization of c-Myc binding on Snail
promoter using c-Myc ChIP-seq datasets obtained from the GEO repository and imported in UCSC
custom tracks. GEO accession numbers, as well as cell types are shown on the left. b. Visualization of
HIF-1B, HIF-1a, and HIF-2a binding on Snail promoter using their respective ChIP-seq datasets
obtained from GEO repository and imported in UCSC custom tracks. GEO accession numbers, as well
as cell types are shown on the left, HIF labels are on the right. Layered H3K4me3 and H3K27ac tracks
in (a) and (b) were obtained from ENCODE regulation tracks.

Next, we assessed SNAII promoter activity using a dual luciferase assay. For this, we
used a firefly luciferase reporter under the control of SNAII promoter sequences, labeled as
pGL3 Snail#1 and pGL3_Snail#2, with the latter also encompassing the TSS. The reporters
were co-transfected with a Renilla luciferase control in U87MG co and shIDHI cells (Fig.

3.20a). We observed an increase in SNAII promoter activity in shIDH1 relative to control cells,
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both in the presence or absence of TGFp, with TGFp eliciting an almost two-fold increase in
activity (Fig. 3.20b,c; see Fig. 2.5a,b for experimental setup). Empty pGL3-basic without our
promoter of interest was used as a control. Although a four-fold increase in activity of pGL3
vector in shIDHI cells under TGFf was observed (Fig. 3.20b), however, there was an almost
seven-fold and twenty-fold increase in SNAIl promoter activity in co and shIDH1 cells,
respectively. Moreover, no change in pGL3-basic was observed in hypoxia, normoxia, non-
TGFp treated cells (data not shown).

Additionally, Snail promoter activity was robustly upregulated upon IDH1 knockdown
and/or hypoxic exposure (Fig. 3.20d; Fig. 2.5¢). Most importantly, a-KG supplementation for
3 hours significantly suppressed Snail promoter activity in U§7MG shIDH1 in the absence of
TGFp pre-treatment (Fig. 3.20e; Fig. 2.5d). Interestingly, transient knockdown of both HIF-
1/2a and c-Myc dramatically reduced Snail promoter activity in U87MG shIDH1 cells upon
TGFP treatment for 24 hours using pGL3_ Snail#2 (Fig. 3.20f; Fig. 2.6a), and after 48 hours of
TGFp stimulation using pGL3_Snail#1 (data not shown), as well as under hypoxic conditions
(Fig. 3.20g; Fig. 2.6b). Taken together, ChIP-qPCR results, ChIP-seq data analyses, as well as
dual luciferase assay results indicate that Snail transcription is regulated through TGFf
supplementation, hypoxia exposure, and most importantly, IDH1 depletion. They also confirm
a robust a-KG-dependent regulation of the SNAI1 promoter in which the HIF and c-Myc TFs

are involved.
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Figure 3.20. The Snail promoter is regulated by IDH1 depletion, TGFp, and hypoxia. a. Schematic
of the dual-luciferase reporter assay used to assess Snail promoter activity created by Biorender.com.
Two Snail promoter—Firefly luciferase constructs were generated: pGL3_Snail#1 (-1045 to —56) and
pGL3 Snail#2 (—1041 to +38). Each construct was co-transfected with a Renilla luciferase control
plasmid into US7MG control and shIDHI cells. b. Snail promoter activity was measured in US7MG co
and shIDH]1 using pGL3_Snail#1 upon treatment with 5 ng/mL TGFp for 48 h. pGL3-basic was used
as a control. Results are presented from three biological replicates. ¢. Snail promoter activity was
measured in US7MG co and shIDH1 using pGL3_Snail#2 upon treatment with 5 ng/mL TGFp for 6 h.
Results are presented from three biological replicates. d. Snail promoter activity was measured in
U87MG co and shIDH1 under normoxic (21% O,) or hypoxic (1% O-) conditions for 24 h, using
pGL3 Snail#1. Results are presented from three biological replicates. e. Snail promoter activity was
measured in U87MG co and shIDHI1 upon Dm-0-KG treatment (6 mM and 8 mM) for 3 h, using
pGL3_Snail#2. Results are presented from three biological replicates. f. Snail promoter activity was
measured in U87MG co and shIDHI1 after transfection with siRNAs against HIF1/2-a and c-Myec,
followed by dual luciferase assay using pGL3 Snail#2. Cells were treated with 5 ng/mL TGFp for 24
h. Results are presented from three biological replicates. g. Snail promoter activity was measured in
U87MG co and shIDHI1 after transfection with siRNAs against HIF1/2-a and c-Myc, followed by dual
luciferase assay in which pGL3 Snail#1 was introduced. Cells were exposed to 1% O for 48 h. Results
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are presented from three biological replicates. Data are normalized to control condition. Results are
presented as means + SEM. Statistical analysis was performed using two-tailed unpaired Student t-test
(b), one-way ANOVA, followed by Tukey’s (¢,d,f,g) or Dunnett’s (e; versus TGFf treatment) multiple
comparisons test when appropriate. *p<0.05; **p<0.01; ***p<0.001.

3.10.0-KG producing and consuming enzymes are regulated by TGFp treatment
We observed that TGFf treatment markedly suppressed the expression of IDH1, the
cytosolic isoform of isocitrate dehydrogenase, at both protein and mRNA levels, as
demonstrated by western blotting and RT-qPCR analyses in US§7MG, MDA-MB-231, and
AS549 cells (Fig. 3.21a). In contrast, the mRNA levels of the mitochondrial isoforms, IDH2 and
IDH3 subunit alpha (IDH3A), remained largely unaltered following TGFp treatment, as
assessed by RT-qPCR (Fig. 3.21b).
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Figure 3.21. TGFp downregulates IDH1 expression. a. IDH1 protein and mRNA levels in U§7TMG,
MDA-MB-231 and A549 cells treated with 5 ng/mL TGFp for the indicated times (n=3 technical
replicates). Graphs are representative of five independent experiments. b. IDH2 and IDH3A mRNA
levels were analyzed by RT-qPCR in the indicated cell lines and conditions, (n=3 technical replicates
of one experiment). Data are normalized to control condition. Results are presented as means + SEM.

These findings prompted us to further investigate whether TGFB modulates other
enzymes involved in the production and consumption of a-KG. For this, we have selected some
direct and indirect a-KG-regulating enzymes based on their relevance to a-KG homeostasis.
Notably, PSAT1 and GLUD1 expression were reduced upon TGF stimulation in US7MG cells
(Fig. 3.22a), while GLUDI levels exhibited a striking and robust downregulation in both MDA -
MB-231 and A549 cells (Fig. 3.22b,c). In addition, modest decreases in PSAT1 and GOT1
transcript levels were observed in A549 cells (Fig. 3.22¢). Although we only examined a subset
of enzymes responsible for maintaining intracellular a-KG levels, our results indicate that
TGEFp selectively targets IDH1 for transcriptional repression in all three cancer cell types, in

addition to a potential regulation of GLUDI. Further investigations are required to elucidate
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the mechanistic link between TGF signaling and downregulation of o-KG-regulating

enzymes.
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Figure 3.22. TGFp controls a-KG-regulating enzymes. a-c. a-KG homeostasis-regulating enzyme
mRNA levels were analyzed by RT-qPCR in U87MG (a), MDA-MB-231 (b), and A549 (¢) following
TGFP treatment at two distinct time points, (n=3 technical replicates). Graphs are representative of two
independent experiments. Data are normalized to control condition. Results are presented as means +
SEM.

3.11.Reduced IDH1 levels correlate with poor patient prognosis

To assess the clinical relevance of our data, and analyze the prognostic impact of Snail
and IDH1, we analyzed glioblastoma, breast cancer, and lung cancer patient data from GlioVis
and KM-plotter (Bowman et al. 2017; Gyo6rfty 2024), and conferred the relationship between
IDH1 and Snail gene expression, and patients’ overall survival. Analyzing RNA-seq data from
The TCGA glioblastoma cohort in GlioVis indicated that low IDH1 levels are significantly
correlated with worse prognosis, specifically in the mesenchymal subtype (Fig. 3.23a), as well
as in the classical, but not in the proneural subtype (not shown). Low IDHI levels show a
tendency, but no significant correlation, with worse overall survival in the combined cohort of
all glioblastoma patients (Fig. 3.23b). A similar analysis of SNAI1 revealed a negative
correlation between high SNAII levels and overall survival of glioblastoma patients (Fig.
3.23c). Comparably, KM-plotter analyses of the mRNA gene chip data of stratified breast
carcinomas with lymph node metastasis and lung adenocarcinomas showed significant
correlation of low IDH1 or high SNAI1 with overall poor prognosis (Fig. 3.23d,e). In addition,
we further stratified the combined status of IDH1 and SNAI1 into two groups using KM-plotter
data: IDHI1"eYSNAI1Y, and IDHI1°“/SNAII"e" Interestingly, IDHI'°*/SNAI1"" was
significantly associated with poor survival in breast cancer patients with positive lymph node
metastasis (Fig. 3.23f), and in lung adenocarcinoma patients (Fig. 3.23g). Unfortunately,
stratification of glioblastoma patient data was not feasible due to the limited number of available
samples. Similarly, a combined analysis of IDHI and SNAII expression across all breast and
lung cancer cohorts from KM-plotter could not be conducted, owing to mismatched patient

numbers between the two gene datasets and the unavailability of individual patient identifiers.
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Overall, low IDH1 and high SNAI1 mRNA levels indicate a worse prognosis in all three cancer
types and in the indicated subtypes.
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Figure 3.23. Low IDH1 and high SNAI1 expression levels are associated with worse survival. a.
Correlation analysis of survival and IDH1 expression of IDH1 WT mesenchymal subtype GBM patient
data from the TCGA_GBM, RNA-seq cohort using the GlioVis tool (n=49). b-c. Correlation analyses
of survival and IDH1 (b) or SNAIl (c¢) expression of IDHI WT GBM patient data from the
TCGA _GBM, RNA-seq cohort using the GlioVis tool (n=142). d. Correlation analyses of overall
survival and IDH1 (left) or SNAII (right) expression of lymph node positive breast cancer patient
mRNA gene chip data using the KM-plotter (n=452). e. Correlation analyses of overall survival and
IDH1 (left) or SNAII (right) expression of lung adenocarcinoma patient mRNA gene chip data using
the KM-plotter (n=1161). f-g. Correlation analyses of overall survival of lymph node positive breast
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cancer patients (f), and lung adenocarcinoma (g) from the KM-plotter dataset stratified according to
IDH1"/SNAI1"e" and IDH1"e/SNAI1" (n=452 for breast cancer; n=1161 for lung adenocarcinoma).

Log-rank p values were either obtained directly from GlioVis or KM-plotter, or calculated in GraphPad
Prism.

3.12.Testing growth and invasion capacity of LLLC1 cells grown as spheres

As conventional adherent culture conditions do not accurately recapitulate the
physiological environment of tumor cells, we established conditions to grow LLC1 cells in 3D
culture. Using a modified tumorsphere culture medium typically used for glioblastoma cell
lines, supplementing it with 0.4% FBS, LLC1 cells were growing as spheres (Fig. 3.24a). To
assess their invasive potential, we performed a collagen invasion assay. Spheres generated from
LLC1 cells were carefully transferred into a collagen matrix, enabling three-dimensional
invasion. Over a course of 96 hours, cells exhibited a robust invasion into the collagen matrix,
with a significant increase in invading area observed at 72 and 96 hours post-embedding (Fig.
2.24b,c). These data demonstrate that LLC1 cells can adapt to 3D culture and exhibit strong
invasive capabilities in a physiologically relevant matrix environment, a finding that provides

a basis for future experiments under sphere culture conditions.
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Figure 3.24. LLC1 cells are growing and invading in tumorsphere culture. a. LLC1 cells grown in
semi-adherent and tumorsphere conditions. Scale bars indicate 100 um. b. Invasion of LLC1 cells grown
in tumorsphere medium using collagen invasion assay. Cell invasion was monitored and recorded over
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a course of 96 hours. Representative images series of 8 biological replicates. Scale bars indicate 500
pm. ¢. Quantification of the spheroid area against the number of hours the spheroids were embedded
within the 3D collagen gel. Data are presented as means + SEM. Statistical analysis was performed
using one-way ANOVA, followed by Tukey’s multiple comparisons test. **p<0.01; ***p<0.001.

3.13.Testing growth of LLC1 in vivo
To evaluate the impact of IDH1 depletion on tumor growth and metastasis in lung cancer
model, we performed in vivo experiments. First, we tested the tumorigenicity of LLC1 pCDH
B3 cells, as a lung cancer syngeneic model, by subcutaneously injecting the cells, and
monitoring tumor growth using bioluminescence imaging (BLI) (Fig. 3.25a). By day 5 post-
inoculation, tumors started to grow rapidly, reaching volumes of approximately 400 mm? by
day 11 and day 15 post-inoculation (Fig. 3.25b). Tumors had to be excised due to the

appearance of necrosis.
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Figure 3.25. LLC1 pCDH B3 cells are tumorigenic. a. Bioluminescence images show LLC1 pCDH
B3 tumor growth in subcutaneously injected C57B1/6 mice. Relative levels of luminescence ranging
from low (blue), to medium (green), to high (red). Injections were performed by Nuray Bogiircii-Seidel.
b. Tumor growth analysis of the two mice shown in (a) was plotted against time in days. Mouse 1: left,
Mouse 2: right.

Similarly, intravenous injection of LLC1 pCDH B3 cells resulted in rapid development

of lung tumors (Fig. 3.26a). Mice had to be sacrificed at 14 and 20 days post-inoculation. This
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was due to strong tumor-associated luminescence detected in the lungs, as an indication of a
high tumor burden. Moreover, this was accompanied by early signs of clinical deterioration,
including body weight loss and reduced overall condition. We also tested for the tumorigenic
potential of LLC1 pCDH B3 / sLP mCherry B3 cells as well as their tumor microenvironment
labelling potential, by injecting these cells intravenously into C57BL/6 mice. The sLPmCherry
construct encodes a monomeric Cherry red fluorescent protein (mCherry) fused to a modified
lipo-permeable Transactivator of Transcription (TATKk) peptide, enabling the protein to be
secreted by the labelling cells, and subsequently taken up by neighboring unlabeled cells.
However, tumors that were initially growing, began to exhibit signs of immune-mediated
rejection by day 18 post-inoculation (Fig. 3.26b). Despite this, we were able to harvest a tumor-
bearing lung from one mouse, perform tissue digestion, and carry out FACS analysis (Fig.
3.26¢,d). Viable cells were gated, and mCherry-positive populations were sorted. Cancer cells
were identified as GFP*/mCherry”, whereas labeled stromal cells were detected as
GFP/mCherry*, compromising almost half of the mCherry" population (Fig. 3.26d), thus
confirming effective labeling of the tumor microenvironment. LLC1 pCDH B3 / sLP mCherry
B2 cells, transduced only twice with sLP mCherry, were also tested intravenously, but failed to
establish tumors (not shown). Taken together, the pronounced immunogenicity of these
engineered cells, prevented their use in further experiments, despite their successful labeling

capabilities.
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Figure 3.26. Tumor formation and microenvironment labeling using LLC1 cells. a,b.
Bioluminescence imaging of lung tumors of intravenously injected LLC1 pCDH B3 cells (a) and LLC1

pCDH B3 / sLP mCherry B3 cells (b) in C57Bl/6 mice. Relative levels of luminescence ranging from

low (blue), to medium (green), to high (yellow/red). Injections were performed by Nuray Bogiircii-
Seidel. e. FACS sorting of GFP*/mCherry* labeling cancer cells, and GFP/mCherry* stromal cells from
(b). Tumor digestion, cell preparation and FACS analysis were done in collaboration with Nuray

Bogiircii-Seidel, Sabine Gréf, and Nazli Salik. d. Representative image of the tumor-bearing lungs from

(b).
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3.14.Successive viral transductions render cells immunogenic

To investigate the impact of IDH1 depletion on tumor growth and metastasis in a lung
cancer model, we injected control and IDH1 knockdown LLC1 pCDH B3 cells subcutaneously
or intravenously in C57BL/6 mice, respectively. The cells were earlier confirmed for IDH1
knockdown efficiency and Snail induction at both the protein and mRNA levels (Fig. 3.7¢).
Similarly, LLC1 pCDH B3 / sLP mCherry B2/ pGIPZ B1 were also checked in vitro (Fig. 3.7f),
but they were not used in mouse experiments due to the observed immunogenicity of LLC1
pCDH B3 /sLP mCherry B2 LLCI1 cells. In the subcutaneous tumor model, we observed slower
tumor growth compared to the previously shown growth of LLC1 pCDH B3 cells (Fig. 3.25).
In addition, IDH1 knockdown tumors exhibited faster growth than control tumors at day 8 post-
inoculation (Fig. 3.27a,b). However, shIDH1 tumors began to show signs of immune rejection
shortly thereafter, with some control tumors also being rejected or exhibiting slower growth.
Similarly, LLC1 pCDH B3 / pGIPZ B3 injected intravenously failed to grow in the lungs, with
only one mouse per condition growing a barely detectable lung tumor (not shown). Likewise,
in xenograft models of H2030 pCDH control and shIDH1 tumors, we noted tumor rejection
after subcutaneous injection, and engraftment failure, when cells were introduced intravenously
(data not shown). In conclusion, successive boosting transduction resulted in increased tumor
immunogenicity and subsequent rejection. Thus, further optimization of cell labeling with

reduced immunogenicity is required.
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Figure 3.27. Enhanced reporter expression of tumor cells induces tumor immunogenicity in vivo.
a. Representative bioluminescence images show tumor growth difference in LLC1 pCDH B3 /pGIPZ
B3 co and shIDH1 cells, following subcutaneous cell injection in C57Bl/6 mice. Relative levels of
luminescence ranging from low (blue), to medium (green), to high (red). Representative mice from
control and shIDH1 groups at each time point are shown. b. Tumor growth analysis based on caliper
measurements (starting number of mice was n=12 in co, and n=11 in shIDH1). Data are presented as
means £ SEM.
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4. Discussion

EMT and invasion are hallmarks of both primary and secondary brain malignancies. Indeed,
glioblastoma along with brain metastases originating from breast and lung cancers are
characterized by highly infiltrative and invasive phenotypes that confer profound resistance to
conventional therapies (Fedele et al. 2019; Iser et al. 2017; Liaghat et al. 2024; Liang et al.
2025; Lu et al. 2025; Margarido et al. 2022; Seker-Polat et al. 2022). Mounting evidence
demonstrates that metabolic reprogramming is interconnected with the onset of EMT and
invasion (Drapela and Gomes 2021; Georgakopoulos-Soares et al. 2020; Jia et al. 2021). Thus,
uncovering metabolic vulnerabilities that disrupt the early steps of metastasis may offer
clinically relevant strategies for combating invasive cancers. In this context, the metabolite a-
KG has emerged as an anti-tumorigenic molecule. It has been shown that disruption of a-KG
homeostasis through IDH1 depletion enhances EMT induction and invasion (Bogiircii-Seidel
2018). However, the impact of a-KG supplementation on EMT, as well as the molecular
mechanisms underlying this regulation, remain poorly understood. Therefore, in the present
study, we aimed to deepen our understanding of the microenvironmental regulation of EMT
and metabolism, investigate the inhibitory role of a-KG on EMT and invasiveness, dissect the

mechanistic pathways mediating this regulation, and highlight its therapeutic potential.

4.1. The TGFpB—Snail axis is a shared driver of EMT in the investigated brain, lung
and breast cancer models

EMT/PMT 1is defined as a combination of microenvironmental stimuli-induced
signaling pathways, gene expression reprogramming, as well as phenotypic and behavioral
changes (Lamouille et al. 2014; Yang et al. 2020), thereby its assessment and interpretation
should take into consideration all of these aspects. Various microenvironmental cues and stress
conditions can activate distinct EMT programs, among which TGFf remains the most potent
and well-characterized inducer. It was therefore selected as the primary stimulus in this study
(Moustakas and Heldin 2016; Xu, Lamouille, and Derynck 2009).

It has been shown previously in our laboratory that Snail is upregulated upon IDH1
knockdown or knockout in human U87MG and G55 glioblastoma cell lines, as well as in MDA -
MB-231 breast and A549 lung cancer cells, under hypoxic conditions or following TGF[
stimulation (Bogitircii-Seidel 2018). Thus, we sought to examine the TGFp-mediated regulation
of various EMT TFs, implicated in both PMT and EMT (Karsy et al. 2016; Lambert and
Weinberg 2021; Yang et al. 2020), more broadly and systematically in parental, non-selected

populations of the knockout and knockdown human cell lines and in LLC1 murine lung cancer
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cells. Our results showed that SNAIl (Snail) mRNA levels were strongly and consistently
upregulated following TGFp treatment in all cell lines tested (Fig. 3.1a,b,d, Fig. 3.2b). Snail
upregulation was also visible at protein levels following TGFf stimulation, as assessed by
western blotting and immunofluorescence (Fig. 3.1c, Fig. 3.2a,c, Fig. 3.3a, Fig. 3.4b).
Moreover, TGFf treatment enhanced Snail protein nuclear retention (Fig. 3.3a). Stabilization
of Snail protein could be due to the inhibition of GSK3B by TGFB downstream signaling
pathways (Z.-C. Liu et al. 2014; Zhang et al. 2006; Zhou et al. 2004), however GSK3f
expression was not determined in this context. Our findings align with previously published
studies highlighting TGFB as a principal inducer of EMT, and Snail as a central EMT
transcription factor upregulated across diverse tumor types. Indeed, TGF has been shown to
induce transcriptional and translational upregulation of Snail in glioblastoma, as well as breast
and lung adenocarcinomas (Han et al. 2015; Kaul, Risinger, and Mooberry 2019; Kim et al.
2020; R.-Y. Liu et al. 2014; Motizuki et al. 2024; Nozaki and Nishizuka 2021; Smith et al.
2009; Zhu et al. 2022).

Consistent with our findings, Snail protein and mRNA levels exhibited a rapid and
pronounced induction within three to six hours of TGF exposure in LLC1 cells. Conversely,
the induction of Snai2 (Slug), Zebl, and Twistl was markedly delayed, as it was evident only
after 48 to 72 hours of TGF treatment (Fig. 3.1¢,d). Rapid Snail induction following TGFf or
other stimulus has been previously shown, usually preceding and activating other EMT TFs
(Baulida, Diaz, and Herreros 2019; Dave et al. 2011; Guaita et al. 2002; Sundararajan et al.
2020; Wu et al. 2017; Youssef et al. 2024). Although SNAI2 and ZEB1 showed increased
expression in response to TGFP in the bulk RNA-seq, similar to SNAI1 (Fig. 3.1a), their
upregulation at RNA and protein levels was not uniformly observed across the tested human
cell lines (Fig. 3.1d, Fig. 3.2b,c). In agreement with our findings, it has been reported that
TGFB-induced Slug expression is infrequent, compared to the robust TGFp-mediated Snail
upregulation (Saitoh 2023), and ZEB1 has been shown to be induced following TGFf
treatment, but not as often as Snail (Gregory et al. 2011; Joseph et al. 2014) .

In addition to the core EMT TFs, PRRX1 and FOXC1 were upregulated following
TGFp induction in US7MG cells (Fig. 3.1a). PRRX1 is markedly overexpressed in glioma
samples compared to normal counterparts (Z. Chen et al. 2021; Sugiyama et al. 2015), and is
linked to multiple cancer hallmarks, as its depletion inhibits glioma proliferation, invasion,
stemness, and angiogenesis (Z. Chen et al. 2021; Sugiyama et al. 2015). Its expression is
promoted through TGFB-mediated inhibition of miR-106 expression, a negative regulator of

PRRX1 mRNA levels (Zheng et al. 2015). Furthermore, PRRX1 acts downstream of Snalil,
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being associated with highly mesenchymal phenotype along with enhanced invasive and
migratory capacities in diverse TGFB-induced normal or malignant cells (Youssef et al. 2024).
On the other hand, FOXC1 expression levels are upregulated in CRC and esophageal cancer,
compared to normal tissues (Zhang et al. 2025; Zhu et al. 2017). Its depletion reduces migration
and invasion of GBM and CRC cells (Cao et al. 2019; Zhang et al. 2025). Interestingly, FoxCl1
has been shown to regulate SNAI1, TWIST1, and ZEB2 expression (Cao et al. 2019; Zhang et
al. 2025; Zhu et al. 2017), and to be induced by TGFp treatment (Hopkins, Coatham, and Berry
2017).

TGFp treatment also impacted mesenchymal and epithelial markers, as it induced the
expression and spatial reorganization of Vimentin in carcinoma cell lines, while reducing E-
cadherin (CDH1) RNA and protein expression (Fig. 3.1d, Fig. 3.3d-g, Fig. 3.4), consistent with
Snail’s well-established function as CDHI transcriptional repressor. Notably, Vimentin
expression was previously reported to be unresponsive to TGFp treatment in GBM cells in our
laboratory (Goos 2015), therefore its protein levels and subcellular organization were not
assessed in US7MG. More importantly, TGFp significantly enhanced the invasive capacities of
all cancer models as determined by a modified Boyden chamber assay (Fig. 3.5a,b,e). Our
results align with previously published findings, which showed that TGFf stimulation of A549
lung cancer cells results in upregulation of N-cadherin, Vimentin, and Fibronectin, while
reducing E-cadherin expression (Kim et al. 2020). Moreover, TGFp induction or
overexpression of Snail enhances cell motility, migration, and invasion (Han et al. 2015; Kim
et al. 2020; R.-Y. Liu et al. 2014; Myung et al. 2014; Nozaki and Nishizuka 2021).

In patient samples, elevated SNAI1 expression correlated with reduced overall survival
across the three cancer types (Fig. 3.23c—e). Indeed, the clinical impact of SNAI1 is well-
established, with previous reports demonstrating that high SNAII levels are invariably
associated with poor patient outcomes in multiple cancer types (Chang et al. 2017; Shaojie
Chen et al. 2021; W.-S. Liu et al. 2018; Moody et al. 2005; M. Xu et al. 2018; Zivotic et al.
2023).

4.2. 0-KG-mediated suppression of EMT and invasion
Compared to the established role of TGFf in EMT activation and invasion, less is known
about the role of a-KG in regulating EMT TFs and EMT-related processes. Notably, Snail
mRNA and protein levels were dramatically and consistently reduced upon o-KG
supplementation, across the different cancer models (Fig. 3.2a-c, Fig. 3.3a, Fig. 3.4b), as shown
by RT-qPCR, western blotting and immunofluorescence. Moreover, a-KG treatment reduced

the expression of the mesenchymal marker Vimentin but minimally affected its cellular
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reorganization as revealed by western blot, immunofluorescence, and FACS analyses in MDA -
MB-231-VIM-RFP and A549-VIM-RFP cells as EMT models (Fig. 3.4). Conversely, a-KG
treatment failed to rescue the levels of the epithelial marker E-cadherin, despite Snail inhibition
(Fig. 3.3c-¢e). This observation could be attributed to the regulation of E-cadherin expression by
other EMT TFs, which were not reduced by a-KG, or alternatively, to the insufficiency of a-
KG concentration or duration of treatment. To our knowledge, no previous studies have
reported a direct inhibitory effect of a-KG supplementation on EMT TFs expression, and
specifically Snail levels. Earlier work has primarily focused on the consequences of the
reduction of its intracellular level due to the inhibition of its regulating enzymes. For instance,
reduced o-KG levels result in upregulation of ZEB1 and ZEB2, concomitant with a
downregulation of E-cadherin (H. Sun et al. 2022), whereas its elevated levels suppress ZEB1
expression (Atlante et al. 2018). While these findings suggest a negative role of a-KG on the
EMT program, a general negative impact on Snail and mechanistic insights remained largely
unexplored until our study.

Moreover, we investigated the effect of a-KG on cancer cell invasion. In our Boyden
chamber assays, 0-KG supplementation not only reversed but also prevented TGFp-induced
invasiveness across all examined cancer cell lines (Fig. 3.5a,b), with the exception of 8 mM of
a-KG in the prevention experiment (Fig. 3.5b). The lack of effect at this concentration may be
attributed to Dm-a-KG-induced medium acidification (Parker et al. 2021), potentially due to
insufficient pH adjustment of the a-KG containing medium. Extracellular acidification is
known to promote invasion (Audero et al. 2023; de Bem Prunes et al. 2022; Bohloli et al. 2016;
Han et al. 2013). Notably, even in the absence of TGF and any exogenous EMT inducer, a-
KG reduced Snail expression levels and suppressed the invasive capacity of MDA-MB-231
parental, ni, and 110 cells (Fig. 3.5¢c,f). This is in line with a-KG’s suppressive effect on
migration and invasion in various cancer models, including osteosarcoma, breast carcinoma,
liver cancer, renal cell carcinoma (RCC), and gastric cancer (Choi et al. 2025; Katawa;j et al.
2020; Liu et al. 2025; Tseng et al. 2018; Wu et al. 2023). It is also consistent with the finding
that glutamine deficiency in CRC cells’ growth medium, which limits intracellular a-KG
availability, promotes their invasion ability (H. Sun et al. 2022).

These findings, however, appear to contrast with a recent study reporting a-KG as a
promoter of migration and invasion in U§7MG GBM cells (Shen et al. 2020). In that study,
cells were exposed to lower concentrations of a-KG under adherent conditions and without
prior TGFP stimulation, a setup that differs significantly from ours (see Fig. 2.4). We

reproduced their conditions and found no change in Snail protein levels following a-KG
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treatment in 2D culture. Interestingly, Snail expression was modestly increased upon treatment
with 2.5 mM a-KG under TSM suspension conditions. After pH adjustment, however, the effect
was reversed. Conversly, in both adherent and suspension cultures, a-KG at 2.5 mM or higher
consistently reduced TGFB-induced Snail expression, even without prior pH adjustment (data
not shown). Four key differences in experimental design likely account for the divergent
observations. First, the nature of a-KG used in the study by X. Shen et al., was not specified
(Shen et al. 2020). This is an essential point, as a-KG and its derivatives can exert markedly
different cellular effects, as discussed in detail below in section 4.7 (Baracco et al. 2019; Parker
etal. 2021). Second, it was not indicated whether the experiments by Shen et al. were performed
with pH adjustment. In our system, pH calibration is critical because an acidic
microenvironment, as created by the addition of Dm-a-KG, is well known to initially restrict
tumor growth but subsequently enhance cancer cell invasion (Audero et al. 2023; de Bem
Prunes et al. 2022; Bohloli et al. 2016; Han et al. 2013). Third, GBM cells were cultured in the
Shen et al. study exclusively under adherent conditions. Numerous studies have shown that
epithelial and GBM cells display substantial differences in transcriptome, metabolome,
responsiveness and processing of stimuli, cellular morphology, and behavior depending on
whether they are grown in adherent versus suspension conditions (Abbas et al. 2023; El Mokbel
et al. 2024; Kapalczynska et al. 2018; Peixoto et al. 2021). Finally, our experimental design
frequently incorporated prior TGFp treatment, which directly engages the EMT program and
its metabolic rewiring, a key mechanistic axis absent in the setup by Shen and colleagues.
Nevertheless, we found that a-KG also repressed Snail expression and invasion without prior
TGFp stimulation in MDA-MB-231 cells (Fig. 3.5¢,f). Together, these observations underscore
the importance of growth conditions and the combination of microenvironmental factors and
metabolic changes in shaping distinct EMT responses, and highlight the need for proper
reporting of reagents, including source and catalog numbers, as well as detailed methodological
procedures such as pH adjustment to ensure reproducibility. Additional studies examining the
context-specific effects of TGFB and a-KG on transcriptional programs and invasive behavior
under sphere conditions are warranted. Moreover, sphere cultures could be adapted for ex vivo
invasiveness assays, using organotypic brain or lung slice models. To initiate this, we extended
our investigations to establish 3D culture models of mouse LLC1 lung adenocarcinoma cells
that can be used in syngeneic models and assessed their growth in suspension and invasiveness
in a collagen invasion assay (Fig. 3.24a,b).

Certain oncometabolites can compete with a-KG and impair the activity of a-KGDDs,

thus having opposite effects on EMT and invasion than a-KG. For instance, D-2-HG has been
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demonstrated to enhance CRC cells migration and invasion, and increase the active mark
H3K4me3 deposition at the ZEB1 promoter, thereby upregulating ZEB1 expression, along with
Vimentin and Fibronectin (Colvin et al. 2016). Similarly, fumarate accumulation in FH-
deficient renal cancer cells, leads to the induction of several EMT TFs and mesenchymal
markers, primarily through inhibition of TET-mediated DNA demethylation of the
antimetastatic miRNA-200 family (Sciacovelli et al. 2016). Furthermore, dysregulated
succinate metabolism, either through SDH deficiency or exogenous succinate supplementation,
is reported to induce EMT in ovarian and lung cancer cells. This is associated with the
upregulation of Snail, Slug, and TWIST, the increased expression of mesenchymal markers
such as Vimentin and N-cadherin, and the repression of E-cadherin (Aspuria et al. 2014; J.-Y.
Wu et al. 2020).

In some contexts, the concentration range of a-KG used in our experiments also exerts
anti-proliferative effects, reducing cell viability, proliferation, and growth (Lee et al. 2023; Liu
et al. 2025; Raffel et al. 2017; Rzeski et al. 2012). Moreover, repeated Dm-0-KG dramatically
reduces liver cancer cell’s viability in a time- and dose-dependent manner (Choi et al. 2025).
However, we have not observed any drastic effect of a-KG on proliferation or viability across
the different cell types, except in US7MG, where cells proliferation but not viability was
dramatically affected by a-KG supplementation (Fig. 3.6a,b). Yet, alternative proliferation and
viability assays, such as BrdU incorporation, CellTiter-Blue®, or MTT assays, as well as
colony formation assays, in addition to apoptosis assays, and cell cycle analysis could further

supplement our investigations in future experiments.

4.3. a-KG as a therapeutic agent in cancer and beyond

a-KG showed robust inhibition of Snail expression and invasiveness across three tumor
models in our in vitro settings. This highlights its potential relevance in a therapeutic context.
Indeed, several in vivo studies have indicated anti-tumorigenic and anti-metastatic effects of a-
KG. For instance, in subcutaneous xenograft mouse models of colon cancer, supplementation
with Dm-a-KG, either intraperitoneally or orally in solution, significantly reduces tumor
growth and volume. Similarly, in a spontaneous transgenic mouse model of CRC,
intraperitoneal Dm-0-KG treatment decreases intestinal tumor burden (Tran et al. 2020). In a
CRC cachexia model, a-KG not only mitigates body mass loss but also reduces tumor growth
(Ruiz et al. 2023). Moreover, in an orthotopic TNBC model, intraperitoneal a-KG
administration prevents lung and lymph node metastases in addition to reduction of primary
tumor growth (Li et al. 2024; Tseng et al. 2018), with comparable effects observed in syngeneic
lung and renal cell carcinoma models (L. Li et al. 2023; Matsumoto et al. 2009). Furthermore,
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intratumoral injection of Dm-a-KG leads to a marked tumor regression in subcutaneously-
transplanted diffuse large B-cell lymphoma cells (Cai et al. 2023). However, this delivery route
is limited to accessible subcutaneous lesions, which renders it not beneficial in pre-clinical and
clinical trials.

Accumulating evidence indicates that a-KG exerts anti-cancer effects through various
mechanisms across different cancer types. These include inhibition of cellular proliferation and
survival, as demonstrated earlier (Fu et al. 2015; Katawaj et al. 2020), induction of apoptosis
and ferroptosis (Cai et al. 2023; Katawaj et al. 2020; Sica et al. 2019), mitigation of hypoxia-
mediated HIF signaling and suppression of angiogenesis (Bogiircii-Seidel 2018; MacKenzie et
al. 2007; Matsumoto et al. 2006), promotion of cellular differentiation (Morris et al. 2019; Pan
et al. 2016), enhancement of oxidative stress (Choi et al. 2025), prevention of immune evasion
and increased cytotoxic T cells infiltration (L. Li et al. 2023; Liu et al. 2023; Tan et al. 2023),
and attenuation of cancer-associated cachexia (Ruiz et al. 2023).

Cancer cells in hybrid E/M states tend to display increased stemness, and therapeutic
resistance (Jia et al. 2021; Sciacovelli and Frezza 2017). Interestingly, altered o-KG
homeostasis has also been shown to inhibit stemness, and sensitize cancer cells to treatments,
highlighting the tight interconnection between metabolic rewiring and EMT-associated
stemness and treatment evasion. Indeed, previous findings from our laboratory demonstrated
that low levels of a-KG enhance GBM cancer stem cell markers (Bogiircii-Seidel 2018). In
accordance with these observations, diminished o-KG cellular levels result in increased
stemness by inactivating a-KG-dependent histone and DNA demethylases, leading to
hypermethylation of histones and DNA in melanoma, CRC, gliomas, acute myeloid leukemia,
and PDAC (Lu et al. 2012; Morris et al. 2019; Pan et al. 2016; Raffel et al. 2017; Tran et al.
2020). Depending on the tumor type, and which demethylases are inhibited by low a-KG levels,
this can increase either active or repressive histone marks, thereby activating stemness
programs or repressing differentiation genes, respectively. Importantly, restoring o-KG
homeostasis reverses molecular and cellular phenotypes associated with stemness. For instance,
a-KG addition promotes DNA hypomethylation and activation of differentiation genes, while
also driving drastic H3K4me3 hypomethylation on Wnt target genes, which are required for
CRC development, thereby suppressing them (Tran et al. 2020). Similarly, in PDAC,
accumulation of a-KG, achieved through restoration of wild-type p53 function or OGDH
inhibition, increases S5ShmC levels, thereby activating premalignant differentiation
transcriptional programs (Morris et al. 2019). It is important to emphasize that a-KG effects are

cell type- and context- dependent. Compared to cancer cells, supplementation of Dm-a-KG
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maintains pluripotency in naive embryonic stem cells (Carey et al. 2015), whereas its addition
induces differentiation in primed pluripotent stem cells (TeSlaa et al. 2016). Beyond stemness
and differentiation, a-KG dysregulation is associated with DNA damage and therapy resistance
in lung cancer, melanoma, and glioma (Lang et al. 2025; Pan et al. 2016; Sulkowski et al. 2017,
2020; Xiang et al. 2024). Oncometabolite accumulation, following metabolic enzyme inhibition
or through direct supplementation, has been shown to impair homology-directed DNA repair,
thereby sensitizing cancer cells to synthetic lethality (Lang et al. 2025; Sulkowski et al. 2017,
2020). In contrast, reduced glutamine availability has been associated with acquired resistance
to BRAF-targeted therapy in melanoma cells (Pan et al. 2016).

In certain contexts, a-KG alone exerts minimal inhibitory effects on tumor cells in vitro
or in vivo. However, when paired with targeted or conventional therapies, it improves treatment
efficiency. Indeed, disodium a-KG induces synergistic growth inhibition when combined with
BCATTI genetic or pharmacological inhibition. Their administration by oral gavage suppresses
tumor growth in IDHI WT GBM patient-derived xenograft models (Zhang et al. 2022).
Similarly, combining o-KG with targeted therapies significantly reduces cancer cells
proliferation and viability in vitro, and tumor size and volume in vivo, compared to single
treatments in both lung cancer and CRC (Sica et al. 2019; Xiang et al. 2024), with further
potentiation upon radiotherapy in lung cancer (Xiang et al. 2024). Although previous studies
have shown that a-KG alone can reduce cancer cell viability and tumor growth in TNBC, lung
cancer, and renal cell carcinoma, its effects are amplified when combined with
chemotherapeutic or immunotherapeutic agents (Li et al. 2024; L. Li et al. 2023; Matsumoto et
al. 2009). Collectively, these findings highlight that a-KG could function within a synthetic
lethality framework, where its metabolic and signaling effects selectively sensitize tumor cells
to additional targeted, chemotherapeutic, radiotherapeutic, or immunotherapeutic interventions,
while sparing normal cells.

Importantly, a-KG is a metabolite with pleiotropic activities and plays a role in multiple
metabolic pathways. Thus, its use has been investigated across a range of physiological and
pathological contexts, beyond oncology. Pre-clinical studies have demonstrated benefits in
combating age-related morbidity (Asadi Shahmirzadi et al. 2020), extending lifespan (Asadi
Shahmirzadi et al. 2020; Chin et al. 2014; Su et al. 2019), inhibiting autophagy (Baracco et al.
2019), and preventing muscle atrophy (Vaubourdolle et al. 1991). Further implications are
reviewed in detail elsewhere (Bayliak and Lushchak 2021; Gyanwali et al. 2022; Harrison and
Pierzynowski 2008; Meng et al. 2022; Wu et al. 2016). Interestingly, few reports have

established a positive effect of a-KG dietary supplementation in humans, with improving
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appetite, body weight, and overall quality of life, as well as reducing age-associated DNA
methylation and morbidity in old individuals (Brocker et al. 1994; Demidenko et al. 2021). a-
KG supplementation also accelerates wound healing (Cynober 1991; Donati et al. 1999),
prevents muscle loss and increases protein synthesis (Demidenko et al. 2021; Donati et al. 1999;
Wernerman et al. 1987; Wernerman, Hammarqvist, and Vinnars 1990), as well as preserves
bone mass (Filip et al. 2007). Additionally, a-KG demonstrates therapeutic promise in liver,
renal, and gastrointestinal disorders (Bayliak and Lushchak 2021; Gyanwali et al. 2022;
Harrison and Pierzynowski 2008; Meng et al. 2022; Wu et al. 2016).

a-K G supplementation to cells, or in pre-clinical tumor models, regardless of the diverse
administration routes consistently elevates cellular and intratumoral a-KG levels, (Baracco et
al. 2019; Li et al. 2024; MacKenzie et al. 2007; Tran et al. 2020). Similarly, genetic
perturbations of metabolic enzymes or tumor suppressors dramatically alters a-KG abundance
in in vitro and in vivo settings (Gao et al. 2025; Kitazawa et al. 2017; Li et al. 2024; Morris et
al. 2019; Shen et al. 2020; Shrimali et al. 2021; X. Wang et al. 2019). In animals, the used
dosages are well tolerated, with no adverse effects on general health (Liu et al. 2023;
Matsumoto et al. 2009; Zhang et al. 2022), and even prevent tumor-associated weight loss
(Matsumoto et al. 2009; Ruiz et al. 2023; Tran et al. 2020), and prolong the survival of tumor-
bearing mice (Liu et al. 2023; Sica et al. 2019). Similarly, clinical studies have confirmed the
safety of a-KG as a dietary supplement and an anti-aging molecule, with minimal side effects
reported (Gyanwali et al. 2022). Nevertheless, critical parameters, including the optimal route
of administration, chemical form of a-KG, dosage, and treatment duration should be
systematically defined to maximize reproducibility and efficiency.

As cancer is an age-related disease, and considering the dramatically reduced plasma
levels of a-KG upon aging (Gyanwali et al. 2022; Harrison and Pierzynowski 2008), as well as
intratumorally or in serum of cancer patients (Cai et al. 2023; L. Li et al. 2023; Liu et al. 2023;
Pan et al. 2016), and the plethora of cellular pathways and functions that a-KG is regulating,
our results and previous reports highlight an anti-tumorigenic and health promoting function of
a-KG.

4.4. IDH1 depletion regulates EMT induction and invasive behavior

Given the role of a-KG supplementation in suppressing EMT and invasiveness, and
considering that modulation of intracellular a-KG levels through its key metabolic enzymes,
including a-KGDH (Atlante et al. 2018; Lu et al. 2019), GLUDI (X. Wang et al. 2019) or IDH1
(Bogiircii-Seidel 2018), impacts these cellular phenotypes, we aimed to further characterize the
effect of a-KG in IDH1-depleted cells. While oncogenic mutations in IDH1/2 genes have been
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extensively characterized, the role of wild-type IDH1/2 levels remains to be further defined in
tumor settings. Our results confirmed previous data from our laboratory, where IDHI
knockdown and subsequent reduced-o-KG intracellular levels (Bogiircii-Seidel 2018),
markedly increased Snail protein and mRNA levels in the presence or absence of TGF[
stimulation, in U87MG glioblastoma cells (Fig. 3.7a). Moreover, IDH1 depletion enhanced the
invasive capacity of these cells (Fig. 3.7b). To determine whether this also applies to other types
of cancer, we extended our analysis to breast and lung cancer models. Remarkably, IDH1
knockdown resulted in Snail expression upregulation at both RNA and protein levels, in MDA-
MB-231-VIM-RFP breast cancer cells, and GFP only- or GFP and mCherry-labelled LLC1
lung cancer cells (Fig. 3.7d-f). Snail but not Snai2 or Zeb1/2 mRNA levels were further induced
following TGFp treatment in IDH1-depleted LLC1 cells (Fig. 3.7f). This suggests that Snail is
the only common EMT TF downstream of TGFp and IDHI1 axis (Fig. 3.1d, Fig. 3.7f).
Interestingly, a-KG supplementation reversed IDH1 knockdown- and TGFp-induced Snail
expression (Fig. 3.7c). Furthermore, we have shown that inducible overexpression of IDHI
resulted in Snail, HIF-10, and HIF-2a downregulation (Fig. 3.8). Collectively, these findings
underscore a regulatory role of IDH1 WT in restraining EMT and invasion, likely via a-KG-
dependent mechanisms.

Our findings are in agreement with earlier reports showing IDH1 downregulation in
tumor tissue compared to adjacent normal samples, in osteosarcoma (Hu et al. 2014), renal
cancer (Song Chen et al. 2021), and breast cancer (W.-S. Liu et al. 2018). In various
experimental models of these tumors, IDHI1 knockdown promotes cell growth, proliferation,
colony formation, migration, and invasion, whereas its overexpression impairs these cellular
phenotypes (Song Chen et al. 2021; Hu et al. 2014; W.-S. Liu et al. 2018). Moreover, IDH1-
depleted cells exhibit a significantly faster tumor growth rate, with larger tumors (Song Chen
et al. 2021; Hu et al. 2014), in addition to increased lung nodules in osteosarcoma and breast
carcinoma metastasis model (Bogiircii-Seidel 2018; Hu et al. 2014). According to our literature
search only one study shows so far a correlation between IDH1, Snail, EMT and invasiveness
(W.-S. Liu et al. 2018). In this study, the expression levels of Snail, Slug, and TWIST proteins
and mRNA are significantly induced upon IDH1 knockdown, whereas Vimentin levels remain
unchanged. Moreover, Snail levels are consistently increased in different breast cancer lines
representative of different molecular subtypes (W.-S. Liu et al. 2018). However, the mechanism
by which IDH1 regulates EMT and the invasive phenotype, was not investigated in this study.
The correlation between IDH expression and HIF-a stability, on the other hand, is well-

established and mechanistically explained through the activity of PHDs as a-KGDDs (Song
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Chen et al. 2021; Li et al. 2018, 2024; W.-S. Liu et al. 2018). It is important to note that HIF-a
is known to directly regulate the SNAII gene (Gai et al. 2020; Hapke and Haake 2020; Luo et
al. 2011; Saxena et al. 2020; Shen et al. 2024; Zhang et al. 2013) thereby providing a possible
mechanistic link between IDH1-dependent regulation of Snail levels. The investigations of this
link are discussed in detail in Sections 4.8 and 4.9.

In contrast to the discussed downregulation of IDHI in different cancer settings,
increased levels of IDH1 in ovarian (Dahl et al. 2019), and lung cancers (Tan et al. 2012), as
well as melanoma (Zarei et al. 2022) have been reported. It has also been shown that higher
levels of IDHI1 are required for increased proliferation, survival, stemness, oxidative stress
adaptation, proper mitochondrial functions, lipid biosynthesis, and migration, under both
normal or nutrient limitation conditions (Atalay, Senturk, and Kayali 2023; Bergaggio and Piva
2019; Calvert et al. 2017; Dahl et al. 2019; Shen et al. 2020; Tan et al. 2012; Vaziri-Gohar et
al. 2022; Zarei et al. 2022). Remarkably, genetic or pharmacological inactivation of IDH1 has
also been found to diminish tumor growth in vivo (Calvert et al. 2017; Tan et al. 2012; Vaziri-
Gohar et al. 2022; Zarei et al. 2022). It is worth noting that none of these studies examined
EMT and invasion of IDHI-depleted cells. Overall, the observed tumor-promoting effects of
IDH1 depletion or overexpression suggest that IDH1 and a-KG levels may have cancer cell
(pheno)type-specific effects, warranting further investigation.

Our analyses of patient data revealed that lower IDH1 expression correlated with worse
overall survival across all three tumor types examined (Fig. 3.a,b,d-g). Moreover, the
combination of low IDH1 and high SNAIIl levels was associated with markedly poorer
prognosis in both breast and lung cancers (Fig. 3.23f,g), underscoring the potential prognostic
value of their combined assessment. These findings are consistent with one report in breast
cancer (W.-S. Liu et al. 2018), in which low IDH1 and high Snail levels are significantly
associated with poor disease-specific, disease-free, and overall survivals. In contrast, a
significant association between high IDH1 expression and reduced overall or progression-free
survival in ovarian cancer and melanoma is identified (Dahl et al., 2019; Zarei et al., 2022). In
NSCLC, one study links IDH1-positive tumors to poorer clinical outcomes (Tan et al. 2012),
whereas another finds no statistically significant correlation between IDH1 expression and
patient survival (X. Zhang et al. 2021). The observed discrepancies in survival analyses may
stem from the investigation of various tumor types and subtypes, the use of different patients’
datasets, as well as the methodologies used to assess mRNA expression, such as microarray

versus RNA sequencing. Moreover, analyses based on large tumor cell populations and bulk
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genomics data may overlook the transient and context-dependent effects of IDHI1 levels,
underscoring the need for incorporating single-cell analyses.

As IDHI1 dysregulation has been reported to impact primary and secondary tumor
formation in breast, renal, and osteosarcoma cancer models (Bogiircii-Seidel 2018; Song Chen
et al. 2021; Hu et al. 2014), and as mouse models are indispensable to functionally recapitulate
the clinical course of a metastatic disease, we aimed to investigate IDH1 function on lung cancer
growth and metastasis using syngeneic and xenograft models. Although LLC1 cells, which
were transduced three times with a dual EGFP-luciferase construct successfully engrafted and
grew macroscopic tumors subcutaneously, or in the lungs (Fig. 3.25, Fig. 3.26a), further
transductions with sSLP-mCherry or pGIPZ-shIDH1 constructs, while increasing detectability,
rendered the tumors immunogenic (Fig. 3.26b, Fig. 3.27). Tumors either regressed after initial
growth or failed to establish, when injected subcutaneously or intravenously, respectively.
Consecutive rounds of lentiviral transductions with reduced vector doses is an established way
of increasing transduction efficiency and expression of multiple integrated vectors at different
genomic sites while maintaining reduced cytotoxicity (Donnelley et al. 2023; Sinn et al. 2008;
Yu et al. 2011). However, despite the necessity of reporter genes and luciferase to non-
invasively monitor tumor growth and metastasis, they are known to induce an immune response
in immunocompetent mice (Grzelak et al. 2022; Schultheill and Binder 2022). Intracellular
selectable markers such as puromycin resistance via puromycin N-acetyltransferase expression
also limit tumor growth (Dubrot et al. 2021; Stripecke et al. 1999). EGFP-expressing cells are
also known to get rejected few days after transplantation in immunocompetent mice but not in
nude mice, usually due to CD8+ T-cell response (Bhuniya, Pattarayan, and Yang 2022; Grzelak
et al. 2022). Moreover, transplantation of low GFP-expressing cells or a few eGFP-expressing
cells within a larger pool, escape the immune response, and are able to develop tumors, but still
fail to metastasize (Gejman et al. 2018; Grzelak et al. 2022). Only in GFP-tolerant transgenic
mice are cells able to successfully metastasize (Bhuniya et al. 2022; Grzelak et al. 2022). We
also used H2030 human lung cancer cells as a xenograft model. Although these cells were not
boosted with multiple rounds of lentiviral transduction, tumors either regressed after initial
growth or stopped growing when transplanted subcutaneously, or failed to establish
macroscopic tumor nodules in the lungs following tail vein cell injections (data not shown).
This may stem from the low tumorigenic capacity of these cells. However, further testing is
required to confirm this hypothesis. To circumvent the problem of immunogenicity, the use of
mice that tolerate multiple reporter proteins (Bresser et al. 2020) or Cre-based removal of

immunogens (Dubrot et al. 2021) could be considered in future experiments.
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Since a-KG levels are shaped not only by cytosolic IDH1 but also by mitochondrial
IDH2, we reviewed findings on IDH2 to better contextualize our results. IDH2 is highly
expressed in lung as well as breast cancers (Li et al. 2018, 2024). However, IDH2
overexpression results in reduced a-KG levels and its depletion, in contrast to IDH1 depletion,
leads to aberrant o-KG accumulation, increases oxidative stress, and promotes HIF-la
degradation. This impairs cell proliferation and viability in vitro, and tumor growth in vivo (Li
et al. 2018, 2024). Indeed, The different IDH isoforms have overlapping but non-redundant
functions in cellular metabolism (Alzial et al. 2022). It is suggested that IDH2 regulates the
reversible reaction in the direction of reductive TCA cycle (Fig. 1.7) (Li et al. 2024). IDH2
knockdown also results in decreased Snail expression, as well as suppressed breast cancer cells
migration, and invasion in vitro, and lung metastasis in vivo (Li et al. 2024).

4.5. 0-KG homeostasis regulation under TGFp signaling

In our experiments we have observed a downregulation of IDHI mRNA and protein
levels following TGFp treatment (Fig. 3.7, Fig. 3.21a). However, no change was observed in
the other IDH isoforms (Fig. 3.21b). In agreement with our observations, increasing
concentrations of TGFP have been shown to downregulate IDH1 protein levels in TGFp-
activated fibroblasts (Hou et al. 2017). This downregulation is dependent on canonical TGFB
pathway, as depletion of Smad2, Smad3, or Smad4 fails to reduce IDHI levels. Interestingly, a
feedback loop between TGFf and IDH1 is suggested, as reduced IDH1 levels lead to an increase
in a-KG cellular levels. This could be due to context-dependent compensation by altered
glutamine metabolism, although this possibility has not yet been explored. Accumulated a-KG
downregulates the TGFBR protein inhibitor Cavl, by demethylating H3K4 on its promoter. In
turn, the activated TGFBR promotes TGFf signaling, which increases phosphorylation levels
of Smad2 and Smad3. Interestingly, IDHI1-depleted fibroblasts enhance melanoma cells
proliferation in vitro and tumor growth in vivo (Hou et al. 2017). Moreover, US7MG cells
transduced with mutant IDHI exhibit a pronounced increase in Smad2 and Smad3
phosphorylation, along with elevated Smad4 expression, compared to their IDH1 WT
counterparts (Gao et al. 2021). Thus, Gao and colleagues hypothesized that the growth-
suppressive phenotype associated with IDH1 mutations could be exerted by downstream
effectors of the TGFB/Smad signaling pathway. In an independent observation, low IDH1 levels
in breast cancer are attributed to inhibitory regulation by miRNAs (W.-S. Liu et al. 2018), where
no direct connection to TGFf signaling has been indicated. To date, the precise mechanism by
which TGFP regulates IDH1 remains unclear. We hypothesize it is mediated either at the
transcriptional level via Smads or at the post-translational level through miRNAs. It is possible
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that the effect of TGFP on IDH1 and the feedback loop represent a general mechanism, but the
impact on a-KG levels and on the cellular phenotype is context- and cell type-dependent.
TGF signaling is well known to enhance glycolysis in cancer cells (Rodriguez-Garcia
et al. 2017; Shen et al. 2023), which in turn promotes EMT and invasion (Liu and Chen 2022;
Shen et al. 2023; Yalcin et al. 2017). However, its effects on OXPHOS and glutamine
metabolism appear to be cell type— and context-dependent, with reports of both enhancement
and repression (Hua et al. 2020; Jia et al. 2021; Liu and Chen 2022). To gain further insight
into TGFB-dependent, IDH1-compensatory or -independent regulation of a-KG levels, we set
out to explore additional enzymes involved in a-KG homeostasis. A slight decrease in PSATI
levels was detected in US87MG and A549 cells (Fig. 3.21c). However, PSAT1 has been
demonstrated to be overexpressed in multiple tumor types, such as NSCLC (H. Li et al. 2023),
renal cancer (Ye et al. 2024), ovarian cancer (Li et al. 2025), and uterine corpus endometrial
carcinoma (Wang, Yue, and Yang 2023). Its high expression is associated with worse overall
survival, and its knockdown impairs cell migration and invasiveness (H. Li et al. 2023; Li et al.
2025; Wang et al. 2023; Ye et al. 2024). We also found that GLUD1, the cytoplasmic isoform
of glutamate dehydrogenase, was consistently downregulated across all three cancer cell lines
following TGFp treatment (Fig. 3.21c). GLUDI has been reported to be either upregulated or
downregulated in different cancer contexts. On one hand, GLUDI1 expression has been reported
to decrease during renal cancer progression, with reduced levels correlating with poorer
survival and resistance to tyrosine kinase inhibitors. Notably, GLUDI overexpression
suppresses RCC cell proliferation, survival, and migration, in part by inhibiting PI3K-AKT-
mTORCI1 pathway activation (Lei Wang et al. 2022). On the other hand, it is mainly
upregulated in gastric cancer, NSCLC, CRC, and cholangiocarcinoma, in which its genetic or
pharmacological interference impairs cancer cells viability, migration and invasion, as well as
tumor growth (Liu et al. 2015; Su et al. 2017; X. Wang et al. 2019; Qizhi Wang et al. 2022; Y .-
J. Wu et al. 2019). Additionally, GLUDI1 overexpression in CRC cells induces STAT3
phosphorylation, and increased expression of ZEB1 and Vimentin (Liu et al. 2015). Moreover,
docetaxel-resistant NSCLC cells acquire glutamine addiction through GLUD1 upregulation,
which elevates intracellular a-KG levels, leading to excessive ROS accumulation and
subsequent Snail induction (Qizhi Wang et al. 2022). These results contrast with our
observations on the anti-tumorigenic and health-promoting functions of a-KG. However, a-KG
has been shown to exert context-dependent effects on ROS and Snail (Choi et al. 2025; Shen et
al. 2020; Wu et al. 2023). Variations in a-KG metabolic routing, growth conditions, and

therapeutic context, can explain these discrepancies. Notably, ROS accumulation itself can act
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as a double-edged sword, either promoting or inhibiting tumor progression (Das, Suman, and
Damodaran 2014; Jiang et al. 2017; Shagieva et al. 2017). Further investigations are required
to better understand the crosstalk between TGFf and a-KG producing enzymes, and its possible

cellular and pathophysiological consequences.

4.6. Snail as a central mediator of EMT and invasion in IDH1-deficient cells

As previously highlighted, Snail’s function as a master regulator of EMT and its
response to IDH1 depletion, which distinguishes Snail from the other core EMT TFs, prompted
us to further confirm its role in EMT and invasion in IDH1-deficient cells. Knockdown or
knockout of Snail almost diminished its expression in these cells (Fig. 3.9b,d). Its short-hairpin-
or RNP-mediated depletion also led to a substantial reduction in invasion (Fig. 3.9a,c). An
incomplete depletion of Snail by sgRNA#1 resulted in a greater impairment in invasion
compared to complete knockout by sgRNA#2 (Fig. 3.9¢,d). This could indicate the activation
of compensatory pro-invasive mechanisms in the complete knockout, which needs to be studied
further. In line with our findings, Snail’s role in mediating migration and invasion has been
investigated in several studies. Transient or stable depletion of Snail results in extensive
reduction of tumor cell migration and invasion, across various cancer models, including
NSCLC (Jiang et al. 2019; Motizuki et al. 2024; Yang et al. 2017), ovarian cancer (Hojo et al.
2018), gastric cancer (Mishra et al. 2010), breast cancer (Lee, Park, and Oh 2020; Wu et al.
2009), and GBM (Goos 2015; Kiihndl et al. 2017; Mahabir et al. 2014; Myung et al. 2014).
Moreover, Snail knockdown triggers E-cadherin and other cell adhesion molecule upregulation,
concomitant with a reduction in mesenchymal and stem cell markers, such as N-cadherin,
Vimentin, Nanog, CD133, and CD117, as well as MMPs expression (Hojo et al. 2018; Kiihnol
et al. 2017; Mahabir et al. 2014; Wu et al. 2009; Yang et al. 2017; Zhou et al. 2014).
Furthermore, Snail silencing impairs tumor growth (Goos 2015; Zhou et al. 2014), and
metastatic burden (Hojo et al. 2018; Wu et al. 2009), in vivo. Conversely, overexpression of
Snail has been associated with opposing phenotypes. It induces EMT in breast cancer and
enhances anchorage-independent growth and migration and invasion in vitro, and results in
larger tumors in vivo (Singh, Deshmukh, and Das 2021; Smith et al. 2014). Particularly,
overexpression of Snail in luminal breast cancer cells confers migrative and invasive
phenotypes comparable to the more aggressive and invasive TNBC cell lines (Singh et al.
2021). In contrast, overexpression of Snail has little effect on the migration or invasion of GBM
cells (Kiihndl et al. 2017).

We also investigated the differential expression of potential downstream targets of Snail

upon TGFf treatment and modulation of intracellular a-KG levels. Analysis of our bulk RNA-
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seq data highlighted known as well as new potential Snail targets, of which we were particularly
interested in a-KG-responsive ones. We have observed an increase in MMP7, MMP13 and
MMP15, upon both TGFf stimulation and IDH1 depletion. Importantly, their expression levels
were reduced following prolonged incubation with a-KG, mimicking Snail transcriptional
regulation (Fig. 3.10a,b). Indeed, it has been demonstrated that MMP7 expression is elevated
following ectopic overexpression of Snail (Miyoshi et al. 2004), supporting a potential
regulatory relationship. This has been further confirmed by luciferase reporter assays, which
demonstrates that Snail directly activates the MMP7 promoter, as transient knockdown of Snail
results in reduced MMP7 reporter activity (Mishra et al. 2010). Likewise, Snail depletion results
in reduced MMP13 expression, as well as its promoter activity (Ren et al. 2011; Singh et al.
2021). Particularly, deletion of Snail binding sites on MMP13 promoter sequence diminishes
its activity, highlighting that MMP13 is a direct target of Snail TF (Singh et al. 2021). In
contrast, Snail-dependent regulation of MMP15 is only reported in developmental growth of
the heart cells, where Snail-induced mesenchymal transition, required for migration and
invasion of both epicardial and endocardial cells, is mediated through MMP15 activity (Tao et
al. 2011; Tao, Miller, and Lincoln 2013). To confirm this, we examined MMP7, and MMP15
RNA levels also by RT-qPCR. They were upregulated upon combined IDH1 depletion and
TGEFp treatment, with MMP7 responding more to TGF and MMP15 responding to both IDH1
depletion and TGFp in the single treatments. Importantly, they were robustly suppressed
following 72 hours of a-KG treatment in IDH1 depleted and TGFp treated cells (Fig. 3.10a,b).
The absence of observable changes after 6 hours of a-KG treatment could be attributed to the
delayed kinetics of Snail induction, as its upregulation in response to TGFP stimulation
typically required several hours in US7MG cells (Fig. 3.1a,b). Additionally, the suppressive
effect of a-KG on Snail does not appear to be immediate or direct, suggesting that an extended
exposure duration may be necessary to elicit a measurable response on its function as a TF.
When we examined MMP7 and MMP15 expression in parental cells, MMP7 showed
some variations between the different cancer cells, while MMP15 was consistently upregulated
following TGFp, then reduced upon a-KG treatment (Fig. 3.10c), highlighting that their
expression and regulation is cell type-dependent. Our findings and recent publications strongly
highlight that TGF or IDH1 depletion-induced invasiveness may be driven at least partially
by MMPs. MMP15 could be part of this process as a potential Snail downstream target, as
suggested by its robust induction following TGFP treatment and subsequent downregulation
upon a-KG supplementation, which correlates well with the Snail expression pattern. Further

experiments, examining its protein levels, as well as functional assays via its knockdown are
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necessary to confirm this hypothesis. Although MMP-inhibitors have failed in the clinical trials
(Cabral-Pacheco et al. 2020; Cox 2021; M. Li et al. 2023), multi-modal therapy including o-
KG treatment in low IDH1 WT expressing cells could be interesting to test.

We also observed the downregulation of TGFB- and IDH1 depletion-induced COL3AI,
COL8A2, and COLI14Al, following a-KG treatment (Fig. 3.10a). Interestingly, COL3Al
expression has been positively correlated with Snail, ZEB1, TWIST, Slug, and MMP7 (Cheng
et al. 2021; Lautert-Dutra et al. 2024; Pepin et al. 2025; S. Wang et al. 2019). Knockdown of
either COL3A1 or COL8A2 suppresses cell proliferation, invasion, and migration, whereas
their overexpression enhances these processes, and results in increased expression of Snail,
Vimentin, and N-cadherin, indicative of EMT induction in GBM, ovarian cancer, HCC, TNBC,
and NSCLC (Cheng et al. 2021; Choi et al. 2025; Gao et al. 2018; Ren et al. 2024; W. Wang et
al. 2013; F. Yang et al. 2022; Yang et al. 2025; Yin et al. 2021; Zhou et al. 2022). We have also
observed an increase in COL14A1 mRNA levels following both IDH1 knockdown and TGFf3
treatment in GBM cells (Fig. 3.10a-c), which was reduced upon 24 or 72 hours of a-KG
treatment (Fig. 3.10a-c). However, it was barely expressed in carcinoma cells (Fig. 3.10c). As
no prior correlation between COL14A1 and Snail has been reported, our results suggest a
potential Snail-mediated COL14A1 regulation, although further validation is required to
confirm this hypothesis. In addition, we propose a previously unrecognized role of COL14A1
in EMT downstream of TGFf and IDH1 in GBM, which warrants further investigation in future
experiments.

While we have identified potential downstream effectors of Snail that are negatively
regulated upon a-KG treatment in IDH1-depleted TGFB-stimulated cells, other targets that were
not detected in the bulk RNA-seq analysis of a single cell line could also be involved in Snail-

mediated EMT and negatively regulated by a-KG supplementation.

4.7. Snail regulation is exerted via multiple signaling pathways in IDH1-depleted cells
After identifying the a-KG-dependent role of IDH1 on Snail levels and the Snail-
dependent regulatory mechanisms, we investigated the possible mechanisms by which a-KG
might control the cellular level of the Snail protein. As demonstrated by Chin et al., octyl a-
ketoglutarate (O-0-KG) can directly bind to the  subunit of ATP synthase (Fig. 1.9), thereby
inhibiting its activity, particularly under nutrient-deprived conditions. This inhibition reduces
ATP production, consequently impairing mTORCI activity (Chin et al. 2014). Similar findings
were obtained following treatment with oligomycin (Chin et al. 2014; Fu et al. 2015), an
inhibitor of ATP synthase, which binds at the interface between the c8 ring and ATP6 in the FO
domain (Fig. 1.9) (Antoniel et al. 2014; Devenish et al. 2000; Hearne et al. 2020; Symersky et
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al. 2012). a-KG supplementation has been since reported to lower ATP levels and the
ATP/ADP ratio in diverse models, including human fibroblasts, human cancer cells, nematodes,
Drosophila, and porcine oocytes (Baracco et al. 2019; Bodineau et al. 2021; Chin et al. 2014;
Choi et al. 2025; Demianchuk et al. 2024; Su et al. 2019; Xiang et al. 2024; Z. Zhang et al.
2021). Notably, octyl derivatives of D-2-HG and L-2-HG have also been shown to inhibit ATP
synthase and decrease ATP levels as well as ATP/ADP ratio (Fu et al. 2015). In line with the
aforementioned findings, Dm-a-KG supplementation significantly reduced both ATP levels
and the ATP/ADP ratio in U87MG cells in a concentration-dependent manner, to an extent
comparable with oligomycin treatment (Fig. 3.11a,b). In IDH1-depleted and TGFp-stimulated
cells, a-KG also lowered ATP levels, and its combination with oligomycin further enhanced
this reduction (Fig. 3.11c). This supports the notion that oligomycin and a-KG target different
domains of ATP synthase (Antoniel et al. 2014; Chin et al. 2014; Devenish et al. 2000; Hearne
et al. 2020; Symersky et al. 2012).

Based on the results of intensive research, it became clear that the metabolic pathways
and biological effects of a-KG derivatives differ substantially (Baracco et al. 2019; Cynober et
al. 1990; Hou et al. 2014; MacKenzie et al. 2007, 2007; Parker et al. 2021, 2021). In
osteosarcoma cells, ATP levels decrease only after treatment with O-0-KG or
trifluoromethylbenzyl a-KG (TFMB-0-KG), but not Dm-a-KG (Baracco et al. 2019), despite
all derivatives comparably elevating intracellular a-KG levels (Baracco et al. 2019; Li et al.
2024). Conversely, in liver cancer cells, repeated Dm-a-KG treatment significantly reduces
ATP levels to an extent comparable with starvation (Choi et al. 2025). Similarly, in breast
cancer cells, treatment with Dm-a-KG significantly diminishes mitochondrial ATP production
(Lietal. 2024). However, in the original report by Chin et al. (2014), all tested a-KG precursors
significantly extend nematode lifespan and produce similar reductions in oxygen consumption
rate (OCR) (Chin et al. 2014). a-KG is a weak hydrophilic acid with limited membrane
permeability, which hinders its successful administration (Gyanwali et al. 2022). Thus, a-KG
1s administered to cells, animals, or humans, in the form of derivatives, such as methyl, octyl,
ornithine, sodium, and calcium (Gyanwali et al. 2022; Zdzisinska et al. 2017). Once the
esterified-precursors penetrate the cells, the esters are hydrolyzed by cytosolic esterases,
whereas the base-derivatives are readily hydrolyzed once they pass the membrane esterases
(Gyanwali et al. 2022; MacKenzie et al. 2007; Parker et al. 2021). Given that O-0-KG has been
used in the key studies linking a-KG to ATP synthase inhibition and mTORCI1 suppression, it

would be interesting to test its effect compared to Dm-0-KG, which was used in our models.
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The impact of a-KG and 2-HG on mTORCI has been widely observed, with a strong
reduction of phosphorylated forms of p70S6K and 4EBP1 upon treatment with a-KG or 2-HG
(Chin et al. 2014; Choi et al. 2025; Fu et al. 2015). In agreement with these observations, a-
KG-containing drinking water supplemented to mice for 6-12 months, diminishes mTOR
activation in the ovary, kidney, and spleen (Z. Zhang et al. 2021). Our results supported these
findings, in that a-KG treatment suppressed the activity of mTORCI in all three cancer cell
lines examined, as evidenced by reduced phosphorylation of p70S6K and/or 4EBP1. MDA -
MB-231 and A549 cells showed inhibition of only 4EBP1, while U87MG cells exhibited
suppression of both effectors (Fig. 3.12). These results suggest that o-KG-dependent
modulation of mMTORCI represents a general mechanism, though the repressed effectors appear
to depend on the cellular context (Fig. 3.12c).

The functional outcome of a-KG treatment on ATP and mTOR signaling appears to be
highly context-dependent. Under nutrient-rich conditions, a-KG may enhance mTOR signaling
pathway, promoting protein synthesis, proliferation, survival, and migration, among other
cellular processes (Bodineau et al. 2021; Ge et al. 2018; Guo et al. 2016; Lampa et al. 2017,
Shen et al. 2020; Wang et al. 2016; Zurek et al. 2019). Conversely, under metabolic stress or
nutrient deprivation, as in our experimental setup, a-KG suppresses mTOR activity, triggers
catabolic processes, autophagy and apoptosis, and inhibits cells growth and motility (Chin et
al. 2014; Choi et al. 2025; Fu et al. 2015). Such variability likely reflects differences in
experimental conditions, particularly medium composition. Our treatments were conducted
under FBS starvation or in FBS-free TSM medium (Fig. 2.2, Fig. 2.9, Fig. 3.11, Fig. 3.12,
Fig.3.13), whereas several reports do not specify serum deprivation. Additional evidence for
conditional effects comes from a study by Xiang et al., who observed that a-KG alone does not
reduce ATP level in NSCLC cells, but markedly lowers it when combined with CTPI2, a small-
molecule inhibitor of the mitochondrial citrate transporter SLC25A1 (Xiang et al. 2024).
Moreover, the type of model system used appears to influence the outcome of a-KG treatment.
While the results are highly variable in cell culture models, in vivo studies more consistently
demonstrate TOR-inhibitory effect of a-KG (Chin et al. 2014; Su et al. 2019; Z. Zhang et al.
2021). However, an exception was observed in aged mice, where dietary supplementation with
calcium o-KG (Ca-a-KG) fails to alter mTORCI1 activity across multiple organs (Asadi
Shahmirzadi et al. 2020). These findings emphasize that the biological impact of a-KG is not
only shaped by nutrient availability and culture conditions, but also by organismal context and

physiological state.
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In addition to ATP synthase inhibition, other mechanisms may also contribute to a-KG-
mediated mTORC1 suppression. Recent studies propose that a-KG-induced mTOR inhibition
is mediated by elevating ROS levels (Choi et al. 2025; Wu et al. 2023). This is in line with the
observation that ATP5B knockdown alone does not substantially inhibit mTOR compared with
a-KG treatment (Fu et al. 2015). These findings also imply that a-KG acts via parallel and not
mutually exclusive mechanisms. Moreover, a-KG has also been shown to regulate mTOR
upstream axes, by reducing PI3K mRNA expression without affecting MEK-ERK signaling
(Su et al. 2019). We have not examined the mRNA levels of mTOR upstream regulators, yet
we have observed in immunoblot analyses of TGFB-stimulated A549 cells that AKT activity
but not ERK was reduced following a-KG supplementation (Fig. 3.12c). Moreover, IDHI
knockdown enhanced AKT and ERK as well as P70S6K and 4EBP1 phosphorylation levels
(Fig. 3.13a,b), contrasting with previous findings where IDH1 overexpression or a-KG
treatment promotes PI3K-mTORCI signaling (Ge et al. 2018; Shen et al. 2020). It is important
to note that these observations, in contrast to our analyses, were made under nutrient-rich cell
culture conditions.

Since ATP can stimulate mTOR either directly, or indirectly by inactivating AMPK, the
mTOR upstream inhibitor (Amin et al. 2021; Battaglioni et al. 2022; Dennis et al. 2001; Gwinn
et al. 2008; Inoki, Zhu, and Guan 2003; Kimura et al. 2003), we tested whether a-KG affects
AMPK activation. Despite using several commercial antibodies in immunoblot experiments to
measure total and active AMPK levels (see Table 2.1), we have not detected any remarkable
changes following a-KG treatment (data not shown). Importantly, in the same experiments a
strong and consistent decrease in ATP levels as well as mTORCI activity was observed (Fig.
3.11a-c, 3.12a-c). Insufficient inhibition of ATP synthase could explain these findings,
suggesting that higher concentrations or longer incubation with a-KG may be required to
achieve greater inhibition of ATP synthase and activate AMPK. This interpretation aligns with
previous findings demonstrating that, although low-dose a-KG or short-term exposure to 2-HG
or a-KG effectively reduces ATP levels and suppresses mTORCI activity, AMPK
phosphorylation and activation requires higher concentrations of a-KG or prolonged exposure
to 2-HG (Chin et al. 2014; Fu et al. 2015). Indeed, chronic in vivo supplementation of a-KG
increases AMPK phosphorylation and activity in various organs (Z. Zhang et al. 2021).
Notably, some reports have even suggested that a-KG increases the expression of AMPK
subunits at both RNA and protein levels under environmental stress, leading to pronounced
AMPK activation (He et al. 2017; Su et al. 2019), which could be explained by a feedback

mechanism upon decreased ATP levels.
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We observed increased mTORC] activity upon TGFf treatment in all parental cell lines
as well as in IDH1-knockdown cells (Fig. 3.12a-c, Fig. 3.13a,b). Consistent with this, TGFf is
a well-established activator of the mTORCI1 pathway, as it regularly activates PI3K-AKT or
MEK-ERK, as part of its non-canonical signaling pathways (Deng et al. 2024; Ge et al. 2018;
Lamouille and Derynck 2007; Massagué¢ and Sheppard 2023; Song et al. 2018; Yeh et al. 2016).
In our experiments, TGFf stimulation also enhanced AKT and ERK phosphorylation in A549
(Fig. 3.12¢), and IDH1-depleted US7MG cells (Fig. 3.13a). To determine which pathways are
required for the Snail upregulation in IDH1-deficient cells, various inhibitors targeting key
factors of the TGFB-Snail axis have been employed (Fig. 3.13c). The results revealed that the
TGFB-PI3K-AKT-mTORCI1 and ATP synthase-mTORCI signaling axes, but not the TGF-
MEK-ERK-mTORCI signaling axis, are essential for Snail regulation in IDHI1-depleted cells
(Fig. 3.13a,b). In addition, increased Smad activity has also been detected previously in our
laboratory in IDHI1-knockdown cells with or without TGFB stimulation by DLR assay
(Bogiircii-Seidel 2018). This pathway could also contribute to mTOR regulation as Smad
proteins are well-known regulators of mTOR, through suppression of DEPTOR (Das et al.
2013; Woodcock et al. 2019). These observations highlight that TGFB- and IDHI-mediated

Snail regulation can be exerted via multiple signaling pathways.

4.8. a-KG activates signaling pathways that converge on SNAI1

As the mTORCI signaling pathway has been found to be an integral part of TGFf as
well as 0-KG mediated regulation of Snail, we have investigated three established downstream
targets of mMTORCI1, namely c-Myc, FoxK1, and FoxK2 (Chen et al. 2018; He et al. 2018;
Nakatsumi et al. 2017; Sakaguchi et al. 2019; Stengel et al. 2022; West et al. 1998), which
transcription factors have previously been shown to control Snail expression (X. Lin et al. 2017,
Peng et al. 2016; Smith et al. 2009; Runze Wang et al. 2022; H. Xu et al. 2018; Zhai et al.
2018).

Our findings indicate that TGFB-mediated activation of mTORCI is accompanied by
increased c-Myc and FoxK1 protein levels across multiple cancer cell lines, which were
partially attenuated by a-KG supplementation (Fig. 3.13a-c). As c-Myc is an established 4-
EBP1 target (Chen et al. 2018; Stengel et al. 2022; West et al. 1998; Yun et al. 2016), our results
are consistent with the observed robust increase in 4-EBP1 activity upon IDH1 knockdown and
TGEFp treatment, and its impairment following a-KG supplementation across the different cell
lines (Fig. 3.12, Fig. 3.13). This is in alignment with published reports, highlighting reduced c-
Myc protein levels following 4EBP1 knockdown (Yun et al. 2016), or after the pharmacological
inhibition of PI3K (Stengel et al. 2022). Interestingly, c-Myc is upregulated following IDH1
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overexpression and subsequent mTORCI activation in US7MG (Shen et al. 2020), despite the
variations in culture and treatment conditions as described earlier in section 4.2, these results
highlight that c-Myc translation is regulated by mTORCI1. Moreover, FoxK1 expression has
been demonstrated to be upregulated upon TGFp treatment in a time and dose dependent
manner (Peng et al. 2016).

Interestingly, transient knockdown experiments revealed that c-Myc, but not FoxK1 or
FoxK2, is critical for Snail upregulation in IDH1-depleted cells, at both mRNA and protein
levels (Fig. 3.14a-c). The integral role of FoxK1 in EMT onset has been previously shown, as
its transient knockdown decreases the levels of EMT markers, and inhibits migration and
invasion in gastric cancer (Peng et al. 2016; Zhang et al. 2019). However, our data suggest that
c-Myec, rather than FoxK1, functions as a central mediator linking mTORCI1 signaling to Snail
expression in the context of IDHI1 deficiency, defining the IDH1-ATP synthase-mTORC]1-c-
Myc axis as a key regulatory pathway. Since the IDH1-PHD-HIF pathway has already been
shown to partially regulate Snail levels (Bogiircii-Seidel 2018), we aimed to determine if these
two signaling pathways cooperate in the control of Snail expression. Indeed, simultaneous
knockdown of HIF-10/2a and c-Myc resulted in a more pronounced reduction of Snail than
either single knockdown (Fig. 3.15a-c). From this, we concluded that the a-KG-dependent
IDH1-PHD-HIF and IDH1-ATP synthase-mTORC1-c-Myc signaling pathways converge on
the SNAII gene and co-regulate Snail levels.

Despite repeated trials, we had technical difficulty in detecting TF binding on the SNAI1
promoter in MDA-MB-231 and US7MG cells using commercially available antibodies against
c-Myc, HIF-1a, or HIF-1P in ChIP experiments (see Table 2.1). Thus, we mined publicly
available ChIP-seq datasets of c-Myc or HIF-la, HIF-2a, and HIF-1p (Fig. 3.19), which
confirmed previous reports of their binding to the SNAI1 promoter (Gai et al. 2020; Luo et al.
2011; Smith et al. 2009; Runze Wang et al. 2022; Zhai et al. 2018; Zhang et al. 2013). Binding
peaks overlapped with H3K4me3 and H3K27ac signals, indicating that the promoter regions,
where these TFs are binding, are in an open and accessible chromatin conformation. Notably,
analysis of HIF ChIP-seq data revealed the best detectability for HIF-2a, which was not
assessed in our experiments and could be tested in future ones.

Utilizing a complementary approach to TF ChIP, we indirectly validated c-Myc and HIF
binding by dual luciferase assays. We used two Snail promoter fragments, with one
encompassing the TSS (Fig. 3.20a), a region enriched for c-Myc as well as Smad2-Smad3
binding as determined in ChIP experiments (Smith et al. 2009). Both TGFf stimulation and

hypoxia increased promoter activity, with further enhancement upon IDH1 knockdown (Fig.
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3.20b,c,d). 0-KG addition reduced SNAII promoter activity, which agreed with our RNA and
protein analyses (Fig. 3.2b,c) and with histone modification ChIP-qPCR results (Fig. 3.18) that
are discussed in Section 4.9. below. Finally, we have shown that c-Myc and HIF-1o/HIF-2a
knockdown diminished TGFB- or hypoxia-induced SNAI1 promoter activity (Fig. 3.20f,g).
Collectively, these results established a positive role of TGF and hypoxia as EMT inducers,

and c-Myc and HIF as key mediators of Snail transcriptional regulation.

4.9. 0-KG could modulate Snail levels via intricate transcriptional and post-
transcriptional mechanisms

Given that Snail levels were regulated following TGFp stimulation, IDHI depletion,
and a-KG supplementation by TFs, it was important to determine whether and how epigenetic
mechanisms, such as histone modifications, cooperate with c-Myc and HIFs. Considering that
a-KG serves as a cofactor for a variety of epigenetic modifiers, including histone, DNA, and
RNA demethylases (Losman et al. 2020), and that a-KG-mediated global changes in histone
marks have been previously observed (Chung et al. 2020; Pan et al. 2016; TeSlaa et al. 2016;
Tran et al. 2020; Xu et al. 2011), we first examined whether a-KG treatment induced global
histone methylation changes. However no detectable variation was observed for either the
active marks H3K4me3 and H3K36me3 (Chantalat et al. 2011; Xiao et al. 2021; Zhang, Cooper,
and Brockdorff 2015), or the repressive mark H3K27me3 (Fig. 3.16), suggesting that the
regulatory effect of a-KG on Snail expression is not related to widespread alterations in global
histone methylation, but may involve site-specific histone modifications. Thus, we assessed
active and repressive histone marks at several regions of SNAIl promoter in MDA-MB-231
and U87MG IDH1-depleted cells following TGFf and a-KG treatment (Fig. 3.17a). In MDA-
MB-231 cells, TGFp stimulation increased H3K27ac, a well-established activation mark, on
the SNAI1 promoter (Fig. 3.17b). Similarly, both TGFp stimulation and IDH1 depletion
collaboratively increased H3K27ac and H3K4me3 in US7MG, consistent with transcriptional
activation (Fig. 3.18a,b), and paralleling the observed gradual rise in Snail mRNA and protein
levels (Fig. 3.1, Fig. 3.2). Conversely, a-KG supplementation reduced both active marks,
indicative of transcriptional repression (Fig. 3.18a,b). Moreover, the repressive mark
H3K27me3, diminished by TGFP and/or IDH1 depletion, showed a partial restoration
following a-KG supplementation, particularly at promoter regions containing HREs and E-
boxes (Fig. 3.18b). Consistent with our findings, SNAI1 transcription is known to be regulated
by various diverse epigenetic mechanisms (Baulida et al. 2019), including histone

demethylation by a-KG dependent KDMs, which are frequently deregulated in cancer (Diao et
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al. 2022; Gray et al. 2025; Hua et al. 2021; Tran, Dillingham, and Sridharan 2019; Yang et al.
2021). KDMs can function as either tumor suppressors or oncogenes, depending on their
interacting binding partners, protein complexes, target gene, and cellular context (Gray et al.
2025). Although we did not examine other histone marks or directly interrogate different KDMs
functions via genetic or pharmacological perturbation, several studies have documented KDM-
mediated effects on SNAI1 promoter activity. For instance, KDM6A (UTX) and KDM6B,
which remove H3K27me2 and H3K27me3 repressive marks, exert opposing functions on Snail
expression in breast cancer cells, as well as migration and invasion. On one hand, KDM6A
negatively regulates EMT through the transcriptional repression of Snail, ZEB1, and ZEB2, via
recruitment of H3K4 demethylase LSD1 and formation of a repressive complex with histone
deacetylase 1 (HDACI) and DNA methyltransferase 1 (DNMTI1), independent of its
demethylase activity (Choi et al. 2015). On the other hand, TGFB-induced KDM6B promotes
Snail expression by removing H3K27me3 from the SNAIl gene promoter (Ramadoss, Chen,
and Wang 2012). Interestingly, in colon cancer, KDM6B knockdown is associated with
increased Snail and ZEBI1 expression (Pereira et al. 2011), although direct promoter regulation
has not been demonstrated. Moreover, KDM8 (JMJDS5) promotes EMT by demethylating
H3K36me2 at the SNAIl locus, and its overexpression promotes breast cancer cells
invasiveness (Z. Zhao et al. 2015). Acetylation-dependent activation of SNAII has also been
reported (Chang et al. 2017; Li et al. 2020; Sinha et al. 2024; Yao et al. 2020). Although KDM5
family members, which mediate H3K4me3 demethylation, have not been directly linked to
SNAIl regulation so far, some studies reported that KDMS genetic or pharmacological
inhibition is associated with aberrant Snail expression (Bamodu et al. 2016; Knyazev et al.
2023).

Beyond chromatin-dependent regulation, Snail levels can also be modulated post-
transcriptionally. For instance, miRNAs, such as miR-34, miR-30, and miR-153 families, target
Snail mRNA 3'-UTRs, promoting its degradation and inhibiting EMT (Baulida et al. 2019; Ye
et al. 2015). TGFB-mediated TET3 downregulation in ovarian cancer suppresses miR-30d
expression, while TET3 overexpression reverses EMT through demethylation of miR-30d
precursor gene (Ye et al. 2016). Additionally, the RNA demethylase FTO directly demethylates
Snail mRNA, reducing its stability without affecting other EMT TFs. Its overexpression impairs
EMT induction (M. Sun et al. 2022). Furthermore, FTO loss upregulates Snail, Slug, and ZEB1
expression, and induces EMT, through transcript stabilization of several factors of the WNT

signaling cascade, across different cancer cell types, which mimics TGFB-induced EMT
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(Jeschke et al. 2021). These observations raise the possibility that other a-KG—dependent

mechanisms may also contribute to Snail regulation.

4.10.Conclusion and outlook

The results presented in this work underscore the reciprocal link between EMT and
metabolism and provide new insights into the mechanisms controlling EMT and tumor invasion
in three different tumor models. On one hand, we highlighted the pivotal role of TGFf and the
hypoxic microenvironment in triggering Snail-orchestrated EMT and invasion in brain, lung
and breast cancer cells. We also emphasized the indispensable function of Snail in mediating
cancer cell invasiveness and suggested several Snail targets that may contribute to Snail-
associated tumor invasion. Further experiments assessing the expression of these target genes
following Snail knockdown, alongside functional assays, will be required to establish their
roles. On the other hand, we provided evidence of the anti-tumorigenic effect of a-KG through
the control of Snail expression and tumor cell invasion, a mechanism that may be impaired in
cancer cells due to IDHI1 downregulation or alternative mechanisms to reduce o-KG levels. It
remains essential to investigate the impact of 0-KG treatment on brain-metastatic breast and
lung cancer cells, as well as on both primary tumor growth and metastatic spread following
IDH1 depletion. Importantly, we provided detailed mechanistic insights into a-KG-mediated
Snail regulation (Fig. 4.1). Our results support a model in which a-KG converges on Snail
through two pathways, a previously uncharacterized mechanistic link via the ATP synthase-
mTORCI1-c-Myc pathway and the previously described PHD-HIF pathway (Bogiircii-Seidel
2018). Moreover, we demonstrated that the expression of Snail in IDH1-depleted cells is
transcriptionally controlled by both ¢c-Myc and HIF. To gain a more complete mechanistic
understanding of their coordinated role, future studies should assess SNAII promoter activity
following c-Myc and/or HIF overexpression, or after targeted mutation of HRE and E-box sites,
coupled with functional assays, such as invasion. While a prior report suggested a correlation
between IDH1 knockdown and Snail upregulation (W.-S. Liu et al. 2018), our study not only
confirms this relationship across multiple tumor models, but more importantly dissects the
mechanisms involved in the regulation between a-KG and Snail. Finally, we observed that
TGFpB treatment reduced the expression of several o-KG regulating enzymes. To better
understand the role of other a-KG regulating enzymes and transporters in maintaining o-KG
cellular homeostasis, we have generated a CRISPR-sgRNA library targeting direct and indirect
a-KG producing and consuming enzymes and multiple transporters for in vivo screening. Our

aim is to identify metabolic factors that inhibit the growth of primary tumors and/or the
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colonization of metastases, and which could be exploited in therapeutic interventions, possibly

in combination with the administration of a-KG.

Invasive
Microenvironmental phenotype

factors
Isocitrate /

IDH1

Y
a-KG
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Figure 4.1. Graphical abstract of 0-KG-mediated Snail regulation.
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5. Summary

Metastasis, a defining hallmark of cancer, remains the leading cause of mortality among cancer
patients. It is a multistep process in which tumor cells undergo epithelial-to-mesenchymal
transition (EMT), invade surrounding tissues, disseminate through the circulation, evade
immune surveillance, and colonize distant organs. EMT is induced by microenvironmental cues
such as transforming growth factor B (TGFp) and hypoxia, which activate transcription factors
(TFs) including SNAI1/2, ZEB1/2, and TWIST1/2 that orchestrate EMT onset and enhance
migratory and invasive capacities. EMT and invasion are particularly critical in primary and
secondary brain malignancies. Glioblastoma (GBM), as well as brain metastases originating
from lung and breast cancers, are characterized by highly aggressive tumor cells that exhibit
profound resistance to conventional therapies. Current treatment options, including surgery,
chemotherapy, radiotherapy, and targeted agents, yield only modest survival effects.
Metabolic rewiring is another hallmark of tumor progression, enabling cancer cells to sustain
growth, adapt to adverse microenvironments, and fuel dissemination. Growing evidence points
to a reciprocal crosstalk between metabolism and EMT, thus, identifying metabolic
vulnerabilities that can disrupt the early steps of metastasis represents a promising strategy for
the development of more effective therapies against invasive cancers. a-Ketoglutarate (a-KG),
a pleiotropic metabolite, participates in cellular respiration, macromolecule biosynthesis,
hypoxia regulation, and epigenetic modulation via the regulation of a-KG—dependent
dioxygenases (a-KGDDs), and ATP synthase inhibition. While a-KG has been proposed to
exert anti-tumorigenic and anti-aging functions, its mechanistic role in EMT regulation and
invasion in GBM, breast, and lung cancers remains insufficiently defined.

In this study, we demonstrated that TGFf} treatment consistently upregulated Snail, but not other
EMT TFs, thereby driving invasion in GBM, lung and breast carcinoma models.
Supplementation with 0-KG reduced Snail expression at RNA and protein levels, impaired
EMT induction, and suppressed invasion, while leaving proliferation largely unaffected. To
examine the impact of a-KG modulation on EMT regulation, we manipulated isocitrate
dehydrogenase 1 (IDH1)-expression, a major source for a-KG in cells. While we detected
highly elevated Snail levels and enhanced invasive phenotype following IHD1 depletion, IDH1
overexpression downregulated Snail and HIF-a levels. Importantly, Snail depletion abrogated
the invasive phenotype of IDHI-deficient cells, confirming its essential role. We further

identified MMPs and collagens as potential downstream mediators of Snail-driven invasion.
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Mechanistically, a-KG regulated Snail expression on several levels. At the chromatin level, a-
KG supplementation reduced active histone marks and modestly increased repressive marks on
the SNAII promoter. On the signaling and transcriptional levels, a-KG inhibited the ATP
synthase-mTORC1-c-Myc axis alongside the established PHD-HIF pathway, converging on
Snail transcriptional repression. Consistently, knockdown of HIF-a and c-Myc counteracted the
activating effect of IDH1 depletion on Snail promoter function under TGFP or hypoxic
stimulation. Using tumorsphere cultures, we validated the opposing effects of TGFP and a-KG
on tumor invasion. Additionally, we identified TGFP as a regulator of enzymes controlling a-
KG metabolism, possibly linking microenvironmental signaling to a-KG availability and
suggesting a feedback loop between the tumor microenvironment and metabolic regulation of
EMT. Finally, the prognostic impact of IDH1 and Snail was evaluated using statistical analyses
of patient survival data. Low IDH1 and high Snail expression were significantly associated with
poor overall survival in patients across GBM, breast, and lung cancers, underscoring the clinical
relevance of our findings.

Taken together, our work identifies a-KG as an anti-tumorigenic metabolite that suppresses
EMT and invasion across multiple tumor models by converging epigenetic and metabolic
mechanisms on Snail regulation. Our findings reveal a previously unrecognized feedback link
between microenvironmental signaling, metabolic rewiring, and transcriptional control of
EMT. By delineating this IDH1-a-KG-Snail axis, the study identifies a metabolic vulnerability
underlying EMT induction that could be therapeutically exploited to limit invasion and

metastatic dissemination of primary and secondary brain tumors.
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6. Zusammenfassung

Metastasierung, ein charakteristisches Merkmal von Krebs, stellt die fiihrende Todesursache
bei Krebspatienten dar. Es handelt sich um einen mehrstufigen Prozess, bei dem Tumorzellen
eine epithelium-mesenchymale Transition (EMT) durchlaufen, in angrenzende Gewebe
eindringen, iiber den Blutkreislauf disseminieren, der Immunabwehr entgehen und sich in
entfernten Organen ansiedeln. EMT wird durch Signale der Mikroumgebung wie Transforming
Growth Factor B (TGFB) und Hypoxie induziert, welche Transkriptionsfaktoren (TFs)
einschlieBlich SNAI1/2, ZEB1/2 und TWIST1/2 aktivieren, die den Beginn der EMT
koordinieren und die Migrations- sowie Invasionsfdhigkeit verstarken. EMT und Invasion sind
besonders kritisch bei primiren und sekundiren bosartigen Hirntumoren. Glioblastome (GBM)
sowie Hirnmetastasen aus Lungen- und Brustkrebs sind durch sehr aggressive Tumorzellen
charakterisiert, die eine ausgepridgte Resistenz gegeniiber konventionellen Therapien
aufweisen. Aktuelle Behandlungsoptionen, einschlieSlich Chirurgie, Chemotherapie,
Radiotherapie und zielgerichteten Wirkstoffen erzielen nur geringe Effekte hinsichtlich der
Uberlebensdauer.

Metabolische Umprogrammierung ist ein weiteres Kennzeichen der Tumorprogression und
ermoOglicht es Krebszellen, Wachstum aufrechtzuerhalten, sich an ungiinstige
Mikroumgebungen anzupassen und Dissemination zu fordern. Immer mehr Hinweise deuten
auf eine reziproke Wechselwirkung zwischen dem Metabolismus und der EMT hin.
Dementsprechend stellt die Identifizierung metabolischer Anfilligkeiten, die die frithen
Schritte der Metastasierung aufhalten konnen, eine vielversprechende Strategie fiir die
Entwicklung wirksamerer Therapien gegen invasive Tumoren dar. a-Ketoglutarat (a-KG), ein
pleiotroper Metabolit, ist an Zellatmung, Makromolekiilbiosynthese, Hypoxieregulation und
epigenetischer Modulation liber die Regulation a-KG—abhingiger Dioxygenasen (a-KGDDs)
und die Hemmung der ATP-Synthase beteiligt. Obwohl a-KG anti-tumorigene und anti-aging
Wirkungen zugeschrieben werden, ist seine mechanistische Rolle in der EMT-Regulation und
Invasion bei GBM-, Brust- und Lungenkrebs noch nicht ausreichend geklért.

In dieser Studie zeigten wir, dass die TGFp-Behandlung Snail, jedoch keine anderen EMT-
Transkriptionsfaktoren, konsistent hochregulierte und dadurch Invasion in GBM-, Lungen- und
Brustkarzinommodellen vorantrieb. Die Supplementierung mit a-KG reduzierte die Snail-
Expression auf RNA- und Proteinebene, beeintrachtigte die EMT-Induktion und unterdriickte
die Invasion, wihrend die Proliferation weitgehend unbeeintrachtigt blieb. Um den Einfluss der

a-KG-Modulation auf die EMT-Regulation zu untersuchen, manipulierten wir die Expression

166



von Isocitratdehydrogenase 1 (IDH1), einer Hauptquelle fiir a-KG in Zellen. Wéhrend wir nach
IDH1-Depletion stark erhohte Snail-Spiegel und einen verstirkt invasiven Phénotyp
beobachteten, senkte eine IDH1-Uberexpression die Snail- und HIF-a-Level. Wichtig ist dabei,
dass die Depletion von Snail den invasiven Phanotyp von IDH1-defizienten Zellen authob, was
die wesentliche Rolle von Snail bestitigt. Zudem identifizierten wir MMPs und Kollagene als
potenzielle nachgeschaltete Mediatoren der Snail-gesteuerten Invasion.

Mechanistisch regulierte o-KG die Snail-Expression auf mehreren Ebenen. Auf
Chromatinebene reduzierte die o-KG-Supplementierung aktive Histonmarkierungen und
erhohte moderat repressive Markierungen am SNAIl-Promotor. Auf Signal- und
Transkriptionsebene inhibierte a-KG die ATP-Synthase-mTORC1-c-Myc-Achse neben dem
etablierten PHD-HIF-Signalweg und fiihrte zu einer transkriptionellen Repression von Snail.
Konsistent dazu wirkten Knockdowns von HIF-a und c-Myc dem aktivierenden Effekt der
IDH1-Depletion auf die Snail-Promotoraktivitit unter TGFB- oder hypoxischer Stimulation
entgegen. Unter Verwendung von Tumorsphérenkulturen validierten wir die gegensétzlichen
Effekte von TGFP und a-KG auf die Tumorinvasion. Dariiber hinaus identifizierten wir TGFf3
als Regulator von Enzymen des a-KG-Metabolismus, was mdglicherweise eine Verbindung
zwischen der Signaliibertragung in der Mikroumgebung und der Verfiigbarkeit von a-KG
herstellt und auf ein Feedback zwischen der Tumormikroumgebung und metabolischer
Regulation der EMT hindeutet. AbschlieBend wurde die prognostische Bedeutung von IDH1
und Snail anhand statistischer Analysen von Patientendaten bewertet. Niedrige IDH1- und hohe
Snail-Expression waren signifikant mit einer schlechten Gesamtiiberlebensrate bei Patienten
mit GBM, Brust- und Lungenkrebs assoziiert und unterstreichen die klinische Relevanz unserer
Ergebnisse.

Zusammenfassend identifiziert unsere Arbeit a-KG als antitumorigenen Metaboliten, der die
EMT und Invasion in mehreren Tumormodellen durch die Konvergenz epigenetischer und
metabolischer Mechanismen bei der Snail-Regulation hemmt. Unsere Ergebnisse deuten auf
einen bisher unbekannten Feedback-Link zwischen Mikroumgebungssignalen, metabolischem
Rewiring und Transkriptionskontrolle der EMT hin. Durch die Charakterisierung der IDH1-a-
KG-Snail-Achse identifiziert diese Studie eine metabolische Verwundbarkeit der EMT-
Induktion, die therapeutisch genutzt werden konnte, um Invasion und metastatische

Dissemination primérer und sekundirer Hirntumoren zu begrenzen.
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Abbreviations list

ug microgram
uL microliter
2-0G 2-Oxoglutarate
2-OGDDs 2-oxoglutarate-dependent dioxygenases
2-OGDH 2-oxoglutarate dehydrogenase
4EBP1 elF4E binding protein 1
ScaC 5-carboxylcytosine
51C 5-formylcytosine
ShmC 5-hydroxylmethylcytosine
5mC 5-methyl Cytosine
6.8PL 6.8-kDa proteolipid
ALKBHS alkB homolg 5
AMPK AMP-activated protein kinase
APS Ammonium persulfate
ARNT aryl hydrocarbon nuclear translocator
ATP adenosine triphosphate
BCAAs branched-chain amino acids
BCAT branched-chain aminotransferases
BCKAs branched-chain-a-keto acids
BER Base-Excision Repair
bHLH basic helix-loop-helix
BLI bioluminescence imaging
BR/HLH/LZ basic-region /helix-loop-helix/leucine-zipper
BSA Bovine serum albumin
Ca-a-KG calcium a-KG
CBP CREB-binding protein
chromatin immunoprecipitation quantitative polymerase chain
ChIP-qPCR reaction
CLDN Claudins
co control
CRC colorectal cancer
crRNAs Crispr RNAs
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Ci Cycle threshold

CTAD C-terminal transactivating domain
CTCF Corrected total cell fluorescence
CTNF Corrected total nucleus fluorescence
D-2-HG D-2-hydroxyglutarate

DAPI 4'6-diamidino-2-phenylindole
DAPIT diabetes-associated protein in insulin-sensitive tissue
DEG differentially expressed genes

DEPC Diethylpyrocarbonate

DEPTOR DEP-domain-containing mTOR-interacting protei
DLR dual luciferase assay

DMEM Dulbecco’s Modified Eagle Medium
Dm-oa-KG dimethyl-alpha-ketoglutarate
DNAse I Deoxyribonuclease |

DNMT1 DNA methyltransferase 1

Dor Dorsomorphin

EM epithelial and mesenchymal
E-cad/E-cadherin Epithelial cadherin

ECM extracellular matrix

EGF epidermal growth factor

EGFP enhanced green fluorescent protein
EGLN egg laying defective nine

EIF eukaryotic initiation factor

EMP Epithelial-mesenchymal-plasticity
EMT Epithelial-mesenchymal-transition
ER endoplasmic reticulum

ERK1/2 the extracellular-signal-regulated kinase 1/2
ETC electron transport chain

FACS Fluorescence-activated cell sorting
FAD flavin adenine dinucleotide

FBS Fetal Bovine Serum

Fe?* ferrous iron

FGF fibroblast growth factor
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FH fumarate hydratase

FHA forkhead-associated domain

FIH1 hydroxylase factor-inhibiting HIF
FKBP-12 FK506-binding protein 12

FOXC1 forkhead box C1

FoxK Forkhead box K

FRB FKBP12-rapamycin binding

FTO fat mass and obesity-associated protein
g Gram

GAP GTPase-activating protein

GBM glioblastoma

GDH glutamate dehydrogenase

GEO Gene Expression Omnibus

GLI1 Glioma-associated oncogene homolog 1
GLS glutaminase

GLUD glutamate dehydrogenase

GMT glial-to-mesenchymal transition

GOT glutamate oxaloacetate transaminases
GPT glutamate pyruvate transaminases
gRNAs guide RNAs

GSK-3f3 glycogen synthase kinase 3 beta

H* hydrogen ions

HCC hepatocellular carcinoma

HCI Hydrochloric acid

HDACI histone deacetylase 1

HER2 human epidermal growth factor receptor 2
HIF Hypoxia inducible factor

HRE hypoxia response elements

110 Invasive cells after 10 rounds of selection
IDH isocitrate dehydrogenase

IF Immunofluorescence

IGB Integrated Genome Browser

IGFs insulin-like growth factors
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IKK IxB kinase

IMM inner mitochondrial membrane

IP input

IVIS in vivo imaging system

IxB inhibitor of kB

JmjC Jumonji C

KD knockdown

KDMs Lysine demethylases

KGM a-ketoglutaramate

KM Kaplan Meier

KO Knockout

L Liter

L-2-HG L-2-hydroxyglutarate

LB Luria-Bertani

LY LY294002

moA N6-methyladenosine

MAPK mitogen-activated protein kinase
mCherry Cherry red fluorescent protein

MET Mesenchymal-to-epithelial transition
mg milligram

mL milliliter

mLSTS8 mammalian lethal with sec-13 protein 8
mM millimolar

mM millimolar

MMPs matrix metalloproteinases

mSIN1 mammalian stress-activated MAPK-interacting protein 1
MT-MMPs Membrane-type MMPs

mTOR Mechanistic/mammalian target of rapamycin
mTORCI mTOR complex 1

mTORC2 mTOR complex 2

NaOH Sodium hydroxide

NC non-targeting control

N-cad/N-cadherin

Neural cadherin
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NF-xB nuclear factor kappa-light chain-enhancer of activated B cells
ng nanogram

NGS Normal goat serum

ni non-invasive

NLS nuclear localization signals

NSCLC non-small cell lung cancer

NTAD N-terminal transactivating domain

(0)} oxygen

OCLN Occludin

OCR oxygen consumption rate

ODDDs oxygen-dependent degradation domain
OE overexpression

0GC oxoglutarate carrier

Oli Oligomycin

ORF open reading frame

OSCP oligomycin sensitivity-conferring protein
OXPHOS oxidative phosphorylation
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