Deciphering the role of EZHZ2 in the control of
HIF2a signaling and its effects on cellular

phenotypes in breast and lung cancer

Inaugural Dissertation
submitted to the Faculty of Medicine
in partial fulfillment of the requirements
for the PhD-Degree
of the Faculties of Veterinary Medicine and Medicine

of the Justus Liebig University Giessen

JUSTUS-LIEBIG-
ﬁ UNIVERSITAT

GIESSEN

By
Salisa Kruijning
Of

Blaricum, Netherlands

Giessen 2026



From the Institute of Neuropathology
Director: Prof. Dr. med. Till Acker

of the Faculty of Medicine of the Justus Liebig University Giessen

Supervisor and First Reviewer:
Prof. Dr. med. Till Acker
Institute of Neuropathology

Justus Liebig University Giessen

Second reviewer:
Prof. Dr. Alexander Brehm
Institute of Molecular Biology and Tumor Research

Marburg University

Committee Vice-Chair and Co-Supervisor:
Prof. Dr. Gergana Dobreva
Medical Faculty Mannheim

Heidelberg University

Committee Chair:
Prof. Dr. Martin Diener
Institut fur Veterinar-Physiologie und -Biochemie

Justus Liebig University Giessen

Date of Doctoral Defense: February 18, 2026



Ehrenwortliche Erklarung

Hiermit erklare ich, dass ich die vorliegende Arbeit selbststandig und ohne unzulassige
Hilfe oder Benutzung anderer als der angegebenen Hilfsmitel angefertigt habe. Alle
Textstellen, die wortlich oder sinngemaf aus veroffentlichten oder nichtveréffentlichten
Schriften enthommen sind, und alle Angaben, die auf mindlichen Auskinften beruhen,
sind als solche kenntlich gemacht. Bei den von mir durchgefuhrten und in der
Dissertation erwahnten Untersuchungen habe ich die Grundsatze guter
wissenschaftlicher Praxis, wie sie in der ,Satzung der Justus-Liebig-Universitat Giel3en
zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, eingehalten sowie
ethische, datenschutzrechtliche und tierschutzrechtliche Grundsatze befolgt. Ich
versichere, dass Dritte von mir weder unmittelbar noch mitelbar geldwerte Leistungen
fur Arbeiten erhalten haben, die im Zusammenhang mit dem Inhalt der vorgelegten
Dissertation stehen, und dass die vorgelegte Arbeit weder im Inland noch im Ausland
in gleicher oder ahnlicher Form einer anderen Prufungsbehdrde zum Zweck einer
Promotion oder eines anderen Prufungsverfahrens vorgelegt wurde. Alles aus anderen
Quellen und von anderen Personen Ubernommene Material, das in der Arbeit
verwendet wurde oder auf welches direkt Bezug genommen wird, wurde als solches
kenntlich gemacht. Insbesondere wurden alle Personen genannt, die direkt und
indirekt an der Entstehung der vorliegenden Arbeit beteiligt waren. Mit der Uberpriifung
meiner Arbeit durch eine Plagiatserkennungssoftware bzw. ein internetbasiertes

Softwareprogramm erklare ich mich einverstanden.

Giessen,
Place, Date Signature (Salisa Kruijning)



Summary

Hypoxia is a hallmark of solid tumors and a critical driver of cancer progression, largely
mediated by hypoxia-inducible factors (HIFs). While HIF1a has been extensively
studied, the transcriptional regulation of HIF2a, encoded by the endothelial PAS
domain protein 1 (EPAS1) gene, remains less well understood. Enhancer of zeste
homolog 2 (EZH2), the catalytic subunit of polycomb repressive complex 2 (PRC2), is
a known epigenetic regulator with canonical roles in gene repression via H3K27 tri-
methylation and emerging non-canonical functions, including transcriptional activation.
The interplay between EZH2 and HIF signaling, particularly regarding HIF2q, is largely

unexplored.

In this study, the role of EZH2 as a potential regulator of HIF2a in breast and lung
cancer model systems was investigated. EZH2 knockdown decreased HIF2a protein
under hypoxic conditions and EPAS1 mRNA levels under normoxic and hypoxic
conditions in MDA-MB-231 and PC-9 cell lines. Restoration of EZH2 rescued EPAS1
expression. Mechanistic studies revealed that this regulation occurs independently of
PRC2, EZH2’s methyltransferase activity, EZH1, Notch1 signaling, and transcriptional
elongation. Chromatin immunoprecipitation demonstrated direct binding of EZH2 to a
region approximately 1.7 kb downstream of the EPAS1 transcription start site, without
enrichment of H3K27me3, supporting a non-canonical transcriptional activator function
for EZH2. These findings indicate that EZH2 directly maintains EPAS1 transcription
independent of chromatin repression and contributes to sustaining transcriptional

activity within a globally repressive hypoxic environment.

Functionally, EZH2 depletion impaired the expression of HIF2a target genes, including
GLUT1 and PGK1, and reduced invasion capacity in MDA-MB-231 cells under
hypoxia. In PC-9 cells, EZH2 knockdown decreased proliferation, which was partially
rescued by transient HIF2a restoration, and anchorage-independent growth. These
findings indicate that EZH2 promotes tumorigenicity at least in part through HIF2a.
Clinical analyses revealed that high EZH2 and EPAS1 expression correlate with poor
prognosis in breast cancer patients, underscoring the potential clinical relevance of this

regulatory axis.

Overall, this study establishes EZH2 as a novel non-canonical transcriptional activator

of EPAS1, linking an epigenetic regulator to hypoxia signaling. These findings extend
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our understanding of EZH2 beyond its canonical repressive role and suggest that the
EZH2-HIF2a regulatory axis may contribute to malignant phenotypes such as
proliferation and invasion under hypoxic conditions. Future studies utilizing RNA-seq,
in vivo models, and pharmacological inhibitors targeting EZH2 and HIF2a could
provide further insight into the mechanistic and therapeutic potential of this regulatory

pathway in cancer.



Zusammenfassung

Hypoxie ist ein Kennzeichen solider Tumoren und ein entscheidender Faktor fur das
Fortschreiten von Krebserkrankungen, der weitgehend durch Hypoxie-induzierbare
Faktoren (HIFs) vermittelt wird. Wahrend HIF1a bereits umfassend untersucht wurde,
ist die Transkriptionsregulation von HIF2a, das vom Endothelial PAS Domain Protein
1 (EPAS1)-Gen kodiert wird, noch weniger gut verstanden. Enhancer of zeste homolog
2 (EZH2), die katalytische Untereinheit des Polycomb-Repressivkomplexes 2 (PRC2),
ist ein bekannter epigenetischer Regulator mit kanonischen Funktionen bei der
Genrepression Uber H3K27-Tri-Methylierung und neuen nicht-kanonischen
Funktionen, einschlielich der Transkriptionsaktivierung. Die Wechselwirkung
zwischen EZH2 und HIF-Signalwegen, insbesondere in Bezug auf HIF2q, ist

weitgehend unerforscht.

In dieser Arbeit wurde die Rolle von EZH2 als potenzieller Regulator von HIF2a in
Brust- und Lungenkrebs-Modellsystemen untersucht. Der Knockdown von EZH2
verringerte das HIF2a-Protein unter hypoxischen Bedingungen und die EPAS1-
MRNA-Spiegel unter normoxischen und hypoxischen Bedingungen in den Zelllinien
MDA-MB-231 und PC-9. Durch eine Reaktivierung von EZH2 konnte die EPAS1-
Expression wieder zuruckgewonnen werden. Mechanistische Studien zeigten, dass
diese Regulation unabhangig von PRC2, der Methyltransferaseaktivitat von EZH2,
EZH1, Notch1-Signallbertragung und Transkriptionselongation erfolgt. Chromatin-
Immunprazipitation zeigte eine direkte Bindung von EZH2 an eine Region etwa 1,7 kb
stromabwarts der EPAS1-Transkriptionsstartstelle ohne Anreicherung von
H3K27me3, was eine nicht-kanonische Transkriptionsaktivatorfunktion fir EZH2
unterstitzt. Diese Ergebnisse deuten darauf hin, dass EZH2 die EPAS1-Transkription
unabhangig von der Chromatin-Repression direkt kontrolliert und somit dazu beitragt,
die Transkriptionsaktivitat in einer insgesamt repressiven hypoxischen Umgebung

aufrechtzuerhalten.

Funktionell beeintrachtigte die EZH2-Depletion die Expression von HIF2a-Zielgenen,
darunter GLUT1 und PGK1, und reduzierte die Invasionsfahigkeit in MDA-MB-231-
Zellen unter Hypoxie. In PC-9-Zellen verringerte der EZH2-Knockdown die
Proliferation, die durch eine voribergehende Wiederherstellung von HIF2a teilweise

wiederhergestellt wurde, sowie das anchorage-unabhangige Wachstum. Diese
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Ergebnisse deuten darauf hin, dass EZH2 zumindest teilweise uber HIF2a zur
Tumorigenitat beitragt. Klinische Analysen zeigten, dass eine hohe EZH2- und EPAS1-
Expression mit einer schlechten Prognose bei Brustkrebspatientinnen korreliert, was

die potenzielle klinische Relevanz dieser regulatorischen Achse unterstreicht.

Insgesamt etabliert diese Arbeit EZH2 als einen neuartigen nicht-kanonischen
Transkriptionsaktivator von EPAS1, der einen epigenetischen Regulator mit der
Hypoxiesignalgebung verbindet. Diese Ergebnisse erweitern unser Verstandnis von
EZH2 Uber seine kanonischen repressiven Funktionen hinaus und legen nahe, dass
die EZH2-HIF2a-Regulationsachse unter hypoxischen Bedingungen zu malignen
Phanotypen wie Proliferation und Invasion beitragen kdnnte. Zuklinftige Studien unter
Verwendung von RNA-Seq, In-vivo-Modellen und pharmakologischen Inhibitoren, die
auf EZH2 und HIF2a abzielen, kdnnten weitere Einblicke in das mechanistische und

therapeutische Potenzial dieses Regulationsweges bei Krebs liefern.
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1. Introduction

1.1. Hypoxia

Oxygen sensing is an evolutionarily conserved fundamental process that enables cells
and tissues to detect and adapt to changes in oxygen availability (1). Oxygen is
required for cellular energy production by the mitochondria and survival of all aerobe
organisms. Hence, oxygen sensing plays a crucial role in development, normal tissue

homeostasis, and several pathological conditions, including cancer (2,3).

1.1.1. The hypoxic tumor microenvironment

Low oxygen availability, known as hypoxia, is a feature occurring in 50-60% of solid
tumors (3). It is a driver for several hallmarks of cancer, including deregulating cellular
metabolism and epigenetic reprogramming (4,5). As a result, hypoxia induces cancer

progression and metastatic potential (3).

Hypoxia occurs as a consequence of an imbalance between oxygen delivery and
consumption (6). This imbalance is caused by the rapid proliferation of cancer cells
and a deficiency in vascularization (3,7). In response to hypoxia, energy conservation
processes are activated in order to survive. These processes include a metabolism
shift from oxidative phosphorylation to glycolysis, epigenetic changes that primarily
contribute to gene repression, and messenger RNA (mRNA) translation inhibition (8—
11). In addition, angiogenesis is induced to enhance oxygen supply to hypoxic regions
(12). Many of these processes are regulated by an evolutionarily conserved, hypoxia-

induced signaling pathway mediated by hypoxia-inducible factors (HIFs) (13).

1.1.2. The HIF signaling pathway and its regulation

HIFs are heterodimeric transcription factors composed of bHLH-PAS (basic helix-loop-
helix-PER/ARNT/SIM) domains, including an unstable oxygen-dependent alpha
subunit (HIF1a, HIF2a, HIF3a) or a stable beta subunit (HIF1B) (13). HIF1a was first
described by Semenza and his colleagues in 1995 (14). HIF2a was discovered two
years later by different groups and was therefore given different names, including
endothelial PAS domain protein 1 (EPAS1), which is still the most commonly used

name for the gene encoding HIF2a (15-17). Although three HIFa subunits exist, HIF1a



and HIF2a seem to be responsible for the majority of HIF-dependent effects on cancer

progression (18).

HIFs are essentially regulated through posttranslational modifications. When oxygen
levels are sufficient, from now on referred to as normoxia, proline residues in oxygen-
dependent degradation (ODD) domains become hydroxylated by members of the
prolyl hydroxylase domain 1-3 (PHD 1-3) family (19,20). Upon hydroxylation, a binding
site for the von Hippel-Lindau (VHL) tumor suppressor protein is generated. VHL is
part of a ubiquitin ligase complex and targets HIFa for ubiquitination-induced
proteasomal degradation (21-23). PHDs are oxygen as well as a-ketoglutarate and
ferrous iron (Fe?*) dependent. Thus, the PHDs are unable to hydroxylate HIFa under
hypoxic conditions, resulting in the stabilization of HIFs. Upon stabilization, HIFa
dimerizes with HIF1, followed by translocation to the nucleus where it binds and
induces the expression of genes harboring hypoxia response elements (HRES)

containing a conserved 5-RCGTG-3" core sequence (2,13,14,18) (Fig. 1.1).

Although proline hydroxylation-dependent regulation is the most studied
posttranslational regulatory mechanism of HIFa proteins, it is not the only one. An
additional oxygen, a-ketoglutarate, and Fe?*-dependent regulator of HIFa is factor
inhibiting HIF (FIH) (13). Under normoxic conditions, FIH hydroxylates asparagine
residues 803 and 851 in the C-terminus transactivation domain (TAD) of HIF1a and
HIF2a, respectively (24,25). This blocks the association with the transcription factor
and coactivator p300 required for the activation of the HIF target genes (26). However,

HIF2a is less prone to FIH-mediated inactivation (27,28).

1.1.3. Regulatory and functional differences between HIF1a and
HIF2a

Even though HIF1a and HIF2a are structurally similar and both sensitive to PHD-
dependent regulation, they do differ in expression patterns and function. HIF1a is
expressed in nearly all mammalian tissues (18). HIF2a expression is more restricted
and was originally believed to be mainly expressed in endothelial cells (15), but in later
years, many more tissue types were added to the list, indicating that HIF1a and HIF2a
are often co-expressed (18,29).

Besides expression differences between tissues, HIF1a and HIF2a also respond

differently to oxygen levels. HIF1a and HIF2a are both upregulated at 1% O2. However,
2
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Figure 1.1: A schematic overview of the HIF signaling pathway.

Under normoxia, HIFa proteins are hydroxylated by PHD enzymes. Hydroxylated HIFa is recognized by
the VHL tumor suppressor protein, leading to ubiquitination and proteasomal degradation. Under
hypoxic conditions, PHDs are inactive, allowing HIFa to dimerize with HIF13 and translocate to the
nucleus, where the complex binds hypoxia response elements (HREs) inducing gene expression.

Created with BioRender.com.

from 2%, HIF1a protein levels were not detectable in glioma cells (30), while HIF2a
levels were still detectable at 5% O2 in neuroblastoma cells (31). They also show a
distinct temporal pattern. HIF1a levels rise quickly under hypoxic conditions and
remain detectable for a shorter amount of time, making it the acute responder (30-32).
HIF2a levels rise a bit later, but remain stable for a longer period of time, making it a
marker of chronic hypoxia (30-33). This phenomenon is also known as the HIF switch,
which could be caused by several factors. One cause could be that HIF1a mRNA has
a shorter halve-life and is thus less stable than HIF2a (33,34), which could cause the
decrease in protein levels under hypoxia. In addition, two other E3 ubiquitin ligases
besides VHL have been described to regulate HIFs and have been implicated as potent

regulators of the HIF switch. HIF-associated factor (HAF) degrades HIF1a in an
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oxygen-independent manner, while it induces HIF2a transactivation. Of note, HAF
protein levels are decreased under acute hypoxia and rise under chronic hypoxia (35).
The other E3 ubiquitin ligase complex is carboxyl terminus of Hsc70-interaction protein
(CHIP), which, after recruitment by heat shock protein 70 (Hsp70), also degrades
HIF1a but not HIF2a in an oxygen independent manner (36). More potential regulators
of the HIF switch have been described, however, their role is less well defined
(18,29,37). In addition, the protein levels of the key HIF-regulators PHD2 and PHD3
have been shown to be upregulated under hypoxic conditions (38,39). They affect HIFa
levels even under hypoxia and act as protective negative feedback regulators of HIFs.
Henze et al. found that PHD2 knockdown affected the stability of both HIF1a and HIF2a
protein levels in glioblastoma cells upon 6 hours of hypoxia. In contrast, PHD3
knockdown patrtially stabilized HIF1a protein levels upon 24 hours of hypoxia, and no
effect was found on HIF2a. When both PHD2 and PHD3 were knocked down, partial
stabilization of both HIF1a and HIF2a was observed upon 24 hours of hypoxia,
resulting in attenuation of the HIF switch (38). These results suggest a complex
regulatory network of HIFa protein levels, in which the activities and levels of PHD2

and PHD3 act together with other factors and are themselves subject to regulation.

Besides differential expression, HIF1a and HIF2 also have functionally different roles.
Even though they bind to the same consensus sequence and have many common
target genes, they also have isoform specific target genes, involved in different
processes. Interestingly, two independent papers showed that HIF1a binds mostly at
the proximal promoter, whereas HIF2a binds mostly at the distal promoter, suggesting
that HIF2a in many cases might function more as an enhancer than a core promoter-

activating transcription factor (40,41).

1.1.4. The role of HIFs in cancer progression

HIF1a and/or HIF2a protein levels have been shown to be increased in many different
cancer types including breast and lung cancer compared to healthy tissue based on
immunohistochemistry analyses (42,43). In breast cancer, elevated HIF1a protein level
or mRNA expression has been consistently associated with poor prognosis for a long
time (42,44-46). HIF2q, while less studied, has been described as a potential negative
prognostic marker as well, reflecting its role in regulating genes promoting tumor
progression, angiogenesis, and metastatic potential (43,47—49). In lung cancer, HIF1a

overexpression is associated with shorter overall and recurrence-free survival, serving
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as a significant prognostic indicator (42,50,51). However, HIF2a is also considered a
potential prognostic factor in lung cancer and, notably, only HIF2a overexpression has
been correlated with poor clinical outcome in two independent studies (52,53). Given
the prognostic value of HIFs, research has focused on developing drugs inhibiting
HIFs. Three HIF targeting drugs have been approved by the Food and Drug
Administration (FDA). However, only the HIF2a-specific inhibitor Belzutifan has been
approved for cancer patients with VHL-related disease, such as renal cell carcinoma
(54). The other two are not inhibitors, but HIFa stabilizers and are not approved for
cancer treatment (55,56). This further supports the importance of HIFs, specifically
HIF2q, in cancer progression. Nevertheless, its role in tumor progression must be

viewed with caution, as there is genetic evidence of its tumor suppressor activity (57).

HIFs promote cancer progression through multiple mechanisms, influencing several

hallmarks of cancer as illustrated in Figure 1.2.

Enabling replicative immortality: Normal cells undergo a limited number of cell
divisions known as the “Hayflick limit” (68), while cancer cells overcome this control of
cell proliferation. This is in part due to telomere maintenance that occurs by
transcriptional activation of telomerase reverse transcriptase by HIF1a under hypoxia,

resulting in cell immortalization (59).

Deregulating cellular metabolism: HIF1a regulates target genes that rapidly induce
glycolytic enzymes and glucose transporters to boost glycolysis and lactate production
(29,60). In contrast, HIF2a has a smaller effect on glucose metabolism than HIF1q,
and broader effects on lipid and amino acid metabolism as well as energy homeostasis
(29,61-63).

Inducing vascular remodeling: HIFs are central regulators of angiogenesis,
controlling blood vessel formation, remodeling, and stabilization under hypoxia. HIF1a
drives early vessel formation by inducing vascular endothelial growth factor (VEGF)
and other pro-angiogenic factors, and supports vessel stabilization. HIF2a plays a key
role in vessel maturation, strengthening endothelial junctions, and remodeling the
extracellular matrix, while also activating VEGF (29,64). Both isoforms cooperate in
extracellular matrix degradation to facilitate endothelial migration. Although partially

compensatory, their distinct roles ensure the formation of a functional, stable
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Figure 1.2: An overview of the roles of HIFs in the hallmarks of cancer.
Hypoxia inducible factors (HIFs) play an important role in cancer progression by affecting several
hallmarks of cancer. See details in the text. Adapted from Hanahan et al. (5). Created with

Biorender.com.

vasculature in tumors (29).

Avoiding immune destruction: Hypoxia and HIF signaling create a profoundly
immunosuppressive tumor microenvironment that allows cancer cells to evade
immune destruction. HIF1a regulates the expression of cluster of differentiation (CD)
39 and CD73, which generate extracellular adenosine that binds A2 receptors on T
cells, suppressing receptor signaling and cytotoxic activity. HIF1a also drives CCL28
production, which recruits regulatory T cells, while simultaneously enabling tumor-
associated macrophages and myeloid-derived suppressor cells to inhibit T cell

proliferation and interferon-y release in a HIF1a dependent manner. In addition, HIF



induced VEGF not only supports angiogenesis but also impairs dendritic cell function

and increases PD-L1 expression, reducing T cell-mediated killing (2).

Genome instability & mutation: Hypoxia and HIF signaling can reduce DNA repair
capacity by downregulating mismatch repair and homologous recombination genes.
This fosters an accumulation of mutations and chromosomal aberrations. HIFs also
promote survival of genetically unstable cells by regulating cell cycle checkpoints and
DNA repair (65).

Sustaining proliferative signaling: HIFs upregulate growth factors, which stimulate
tumor cell proliferation. HIF1a is also phosphorylated by mitogen-activated protein
kinase, enhancing transcription of target genes that support cell growth. Under
hypoxia, HIFs promote VEGF expression, stimulating endothelial cell proliferation. In
parallel, loss of tumor suppressors like PTEN removes inhibition of the
phosphoinositide 3-kinase (PI3K)/Akt pathway, further enhancing HIF activity and

proliferative responses (64—66).

Activating invasion & metastasis: HIF1a predominantly promotes extracellular
matrix remodeling by inducing PLOD2 and lysyl oxidase family members, leading to
collagen cross-linking, which facilitates local invasion and metastasis (2). In parallel,
HIF2a regulates genes that sustain the metastatic phenotype, including those involved
in VEGF signaling and stemness (64), thereby complementing HIF1a in supporting
vascular permeability, intravasation, and colonization of distant organs. Epithelial-
mesenchymal transition (EMT) is another key step for metastasis formation, during
which epithelial cells lose their rigid structure and cell-cell contacts and acquire a
motile, mesenchymal phenotype. HIFs contribute to EMT by regulating target genes
that control cytoskeletal remodeling, cell adhesion, and remodeling of the extracellular
matrix (67).

Nonmutational epigenetic reprogramming: This hallmark is one of the last ones
added to the list by Hanahan et al. in 2022 and plays an important role in cancer
progression (5). HIFs not only regulate transcriptional responses to hypoxia but also
modulate the expression and activity of epigenetic regulators, linking oxygen sensing
to chromatin remodeling. For example, HIF1a and HIF2a can upregulate ten eleven
translocation 1 (TET1), a 5-methylcytosine hydroxylase that initiates DNA
demethylation, Jumonji domain (JMJD) lysine demethylases (KDMs), and DNA-

methyltransferases (DNMTSs), resulting in alteration of DNA and histone methylation
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patterns at specific genomic loci (68). In parallel, HIFs drive changes in metabolite
levels, including a-ketoglutarate (69,70), which is required for JMJD lysine
demethylase and TET function. Thus, by influencing the activity of histone and DNA-

modifying enzymes, HIFs link cellular metabolism to chromatin state (68).

Conversely, epigenetic mechanisms also contribute to the regulation of HIFa levels
and to the transcriptional regulatory functions of HIFs. DNA methylation of promoters,
such as VHL, increases the transcriptional activator function of HIF1a and promotes
HIF1a target gene activation (71). Also, lysine-specific demethylase 1 can stabilize
HIF1a by preventing proteasomal degradation (72). Non-coding RNAs, as well as
microRNAs, can also modulate HIFa stability through interactions with epigenetic
regulators (73). In addition, DNMT3a has been shown to silence EPAS1 by methylating
the promoter and thus transcriptionally regulating EPAS1 levels (74).

Hypoxia-induced transcriptome changes are not necessarily driven by HIFs. Several
studies have reported increased histone methylation under hypoxia, including the
repressive marks tri-methylated histone H3 lysine 27 (H3K27me3) and H3K9me3,
which may result from HIF-independent loss of function of oxygen-dependent KDMs
and contribute to the energy-conservation response described earlier (75,76). At the
same time, the active chromatin mark tri-methylated histone H3 lysine 4 (H3K4me3)
has also been shown to increase under hypoxic conditions (76). Interestingly, Batie et
al. found that most genes bound by H3K4me3 were downregulated under hypoxia (76),
which could be explained by bivalent epigenetic marks, where H3K4me3 and
H3K27me3 coexist at the same promoters (77,78), or by the recruitment of repressive
complexes, such as ING2—-mSin3a—HDAC1, to H3K4me3-bound promoters, thereby
inhibiting transcription (79). Yet, despite this global, genome-scale shift toward a more
repressive chromatin state, HIFs are still transcribed, translated, and able to activate

their target genes.

Given the importance of hypoxia and HIFs in epigenetic regulation of gene expression,
and the oxygen-, Fe?*-, and a-ketoglutarate-dependency of KDMs (like the PHDs)
(80,81), we hypothesized that JMJD family KDMs or other factors of the histone lysine
methylation system might act in concert with PHDs and could be involved in HIF
regulation. In a small-scale short hairpin RNA (shRNA) screen of several KDMs and
the methyltransferase enhancer of zeste homolog 2 (EZH2), we found a reduction in
HIF2a levels upon knockdown of EZH2, prompting further investigation into its role in

8



HIF2a regulation.

1.2. Enhancer of zeste homolog 2 (EZH2)

The importance of EZH2 in cancer is related to various functions of this protein. These
include its canonical role as the catalytic subunit of the polycomb repressive complex

2 (PRC2) as well as non-canonical activities.

1.2.1. The canonical function of EZH2

PRCs are epigenetic regulators that control gene expression by modifying chromatin
structure to maintain genes in a repressed state (82). The PRC2 is an essential
chromatin modifier that is conserved across organisms ranging from plants to flies and
humans (83,84). The complex contains four core subunits: EZH2 (or its paralog EZH1),
embryonic ectoderm development (EED), suppressor of zeste 12 homolog (SUZ12),
and retinoblastoma-binding protein (RBBP) 4 or 7 (85). EZH2 is the catalytic subunit
of the PRC2. It contains a su(var), enhancer of zeste, trithorax (SET) domain, which
transfers the methyl group from the methyl donor S-adenosylmethionine (SAM) to
H3K27, and successively mono-, di-, and tri-methylates its target (86—-90). H3K27me3
marks the chromatin for PRC1-mediated compaction, restricting access for the
transcriptional machinery, such as RNA polymerase || (RNA Pol Il) to the genes in that

region, resulting in gene repression (88,89,91,92) (Fig. 1.2).

Although EZH2 is best known for its role within the PRC2, its diverse domain

architecture suggests a broader functional repertoire.

1.2.2. The structure of EZH2

Besides the SET domain, EZH2 is composed of several other domains with various
functions. EZH2 is divided into two main functional domains, the regulatory domain
(start at the N-terminus) and the catalytic domain, each of which can be subdivided
into smaller conserved structural protein domains/motifs (Fig. 1.3). The N-terminus
contains a SANT1 binding domain (SBD), which is required for the EZH2-EED
interaction (93,94). Next to the SBD, the EED-binding domain (EBD) is found, which is
required for the direct interaction with EED (94). Next to the EBD, there is a 3-addition
motif (BAM), which is also involved in the maintenance of the EZH2-EED connection,
though the exact function is unknown (93,94). Following the BAM, the SET activation

loop (SAL) and the stimulation-responsive motif (SRM) link one side of the SET domain
9
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Figure 1.3: The canonical function of EZH2.

The PRC2 consists of four core subunits: EZH2, or its paralog EZH1, EED, SUZ12, and RBBP4/7. EZH2
contains a SET domain that transfers methyl groups from the methyl donor SAM to H3K27, generating
tri-methylated H3K27. The repressive H3K27me3 mark promotes chromatin compaction by PRC1,
restricting access of transcriptional machinery, including RNA Pol II, and thereby silencing gene

expression. Created with BioRender.com.

to the EED subunit, forming a sandwich-like assembly with EED and H3K27me3 that
transmits tri-methylation signals to the catalytic center, stimulating EZH2 activity
(93,94). The last domain of the regulatory part of EZH2 is the SANT1 domain, which
binds to the SBD and forms a belt-like structure maintaining the EZH2-EED connection
(94). The catalytic domain starts with the motif connecting SANT1 and SANT2 (MCSS),
followed by the SANT2 domain where SUZ12 interacts with EZH2 (94). Following the
SANT2 domain is the CXC domain, which interacts with DNA and nucleosomes, and
the C-terminus contains the SET domain (94,95). In 2020, Jiao et al. found a partially
distorted TAD in EZH2 and EZH1 (96). Phosphorylation of EZH2 at serine 21 (S21) or
tyrosine 244 (Y244) could unlock this TAD. The TAD plays an important role in the
non-canonical functions of EZH2 (96-99), which will be addressed later. An overview
of the domains and the structure of EZH2 in the PRC2 are presented in Figure 1.3
(93,94,96).
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Figure 1.4: The structure of EZH2.

A) The regulatory domain’s main function is forming the EZH2-EED complex. It also contains the
partially distorted transactivation domain (TAD), which can be unlocked by S21 or Y244 phosphorylation.
The catalytic domain contains the interaction sites with SUZ12 and the catalytic SET domain, which is
the binding site for the methyl donor SAM. B) The structure of EZH2 (cyan) with its TAD domain (dark
blue) in the PRC2 with EED (magenta) and SUZ12 (pink). BAM: B-addition motif; EBD: EED-binding
domain; MCSS: motif connecting SANT1 and SANT2; SAL: SET activation loop; SBD: SANT1 binding
domain; SET: su(var), enhancer of zeste, trithorax; SRM: stimulation-responsive motif. Created with

BioRender.com.

1.2.3. The role of EZH2 in cancer progression

In the context of cancer, EZH2 is most often considered to be an oncogene.
Hyperactivation of EZH2 by overexpression or gain-of-function point mutations at
tyrosine 641 is a phenomenon found in many different malignancies. This
hyperactivation correlates with tumor growth, metastasis, and poor prognosis, and was
first found in prostate cancer (100,101), followed in many other cancers such as breast
cancer (101-106), lung cancer (107-109), colorectal cancer (110), neuroblastoma
(107), glioblastoma (111), melanoma (112,113), and lymphoma (113). Although there

is overwhelming evidence of EZH2 functioning as an oncogene, some have also
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described it as a tumor repressor (114,115). Wang et al. found heterozygous deletion
and inactivation mutations in EZH2 in 33 out of 230 lung adenocarcinoma patients, of
which 5% also had KRAS mutations. They studied the effect of both in mice and found
amplified Akt and ERK activation and an increased inflammatory response, resulting
in tumor progression in mice (114). A tumor suppressor function was also found in T-
cell acute lymphoblastic leukemia by Ntziachristos et al. (115). They found increased
cell growth and tumor growth upon EZH2 knockdown. This shows that EZH2’s function

in cancer is context specific (115).

EZH2 was initially believed to promote cancer progression solely through its
methyltransferase activity, mainly by repressing tumor suppressor genes. Despite the
development of inhibitors targeting this catalytic function, their clinical efficacy has
been limited, leading to increasing interest in the non-canonical roles of EZH2, which

remains an active area of investigation (116,117).

1.2.4. Non-canonical functions of EZH2

Over the last few years, several non-canonical functions of EZH2 have been
discovered. Besides methylating histones, EZH2 can methylate non-histone targets in
a methyltransferase-dependent manner. In 2005, Cha et al. observed that
phosphorylation of serine 21 by Akt reduces H3K27me3 levels, while not
compromising the PRC2 composition. They speculated that it could shift its affinity from
H3K27 to non-histone targets (118). Kim et al. demonstrated that EZH2 can methylate
signal transducer and activator of transcription 3 (STAT3) at lysine 180 in glioblastoma,
which activates the function of STAT3 and promotes tumorigenicity. Also, for this
activation, the previously discovered phosphorylation of S21 is required, potentially
occurring within the context of the PRC2 (119). STAT3 activation through methylation
by EZH2 was also found in breast cancer a few years later, in which case blocking
STAT3 methylation reduced cell proliferation and migration (120). Among several other
proteins (121), B-catenin is also a target for the methyltransferase function of EZH2
(122,123). B-catenin can be tri-methylated by EZH2 at lysine 49, which enhances its
binding to chromatin in both embryonic stem cells and colorectal cancer, requiring S21
phosphorylation of EZH2 (122,123). In colorectal cancer, the functional consequences
of this modification remain unclear (123). However, in embryonic stem cells, EZH2-
mediated lysine 49 tri-methylation of B-catenin confers a repressor function (122). In

addition, EZH2 can form a complex with B-catenin which promotes transactivation of
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Whnt target genes (124,125), inducing cell cycle progression in breast cancer cells (124)

and intestinal tumorigenesis (125).

EZH2 can also affect protein stability in a methyltransferase-independent manner.
Wang et al. showed that EZH2 can bind to and stabilize MYC and NMYC in
neuroblastoma and small cell carcinoma by competing with the SCFFBW” ubiquitin
ligase, which would otherwise mark MYC and NMYC for degradation. In agreement

with this, the authors also showed that EZH2 depletion inhibits tumor growth (107).

Besides stabilizing MYC family proteins, EZH2 can also regulate the stability of p53
mMRNA in a methyltransferase-independent manner. EZH2 can directly bind to p53
mMRNA and induces its translation. Conversely, EZH2 knockdown reduces p53 mRNA
levels and shortens the mRNA half-life (126). EZH2-dependent induction of mutant p53

promotes tumor growth and metastasis in various cancer models (126).

In 2011, Lee at al. published a pioneering report describing EZH2 as a
methyltransferase-independent transcriptional activator. They found that EZH2 binds
to and induces the expression of nuclear factor kappa B (NFkB) target genes IL-6 and
TNF with RelA and RelB as co-regulators in estrogen receptor (ER)-negative breast
cancer cells, correlating with poor disease outcome, while they found the opposite in
ER-positive cells (127). This co-regulation of NFkB target genes by EZH2 and RelA
and RelB was also found in triple-negative breast cancer (TNBC) cells by Dardis et al.
(128). Besides co-regulating transcriptional activation, EZH2 also binds to the RELB
(128,129) and NFKB promoters, activating their transcription (128). Neurogenic locus
notch homolog protein 1 (NOTCH1) has also been shown to be a direct target gene of
EZH2’s transcriptional activator function in breast cancer and glioblastoma inducing
stemness (130,131). Androgen receptor (AR) gene expression is also directly induced
by EZH2 binding independent of its methyltransferase function in prostate cancer
(132). Moreover, Xu et al. found that AR and EZH2 are co-recruited to specific genomic
sites and cooperate to activate target gene transcription in prostate cancer, and that
EZH2’s methyltransferase function and S21 phosphorylation, but not the PRC2, is
necessary for this cooperation (133). Wang et al. also found the cooperation of AR with
EZH2 for transcriptional activation. However, they found this to be independent of
EZH2’s methyltransferase function (97). In addition, Liu et al found a
methyltransferase-independent cooperation between EZH2-EED and AR for
transactivation. However, whether or not the EZH2-EED interaction is required for this
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is questionable, since EED knockdown decreases EZH2 levels and the used EZH2
targeting drug, Astemizole, degrades both EED and EZH2 proteins (134). The EZH2
and AR connection was generally associated with prostate cancer progression
(97,134,135). Furthermore, E2F transcription factor 1 (E2F1) has been described as
an EZH2 target gene in prostate cancer by Yi et al. They found binding of EZH2 and
not H3K27me3 at the E2F1 promoter and together with E2F1 regulated itself
independent of the methyltransferase function of EZH2, inducing tumorigenesis (136).
This cooperation was also described by Tabbal et al., which suggested that EZH2 and
E2F1 co-regulate E2F1 target genes in adrenocortical carcinoma (137). Interestingly,
EZH2 has also been sown to be target gene of E2F1 (138). Zhang et al. further showed
that EZH2 is also a transcriptional regulator of c-JUN in breast cancer inducing brain
metastasis. To function as a transcriptional activator in this context, phosphorylation of
EZH2 at tyrosine 696 (Y696) by proto-oncogene tyrosine-protein kinase Src (Src) was
required (106).

A methyltransferase-independent transcriptional activator function of EZH2 has also
been described in hypoxia stimulating breast cancer invasion. In this context, EZH2
forms a complex with forkhead box M1 (FoxM1) and promotes the expression of its
target genes, including FOXM1 itself. Mahara et al. observed that when HIF1a levels
were increased, EED, SUZ12, and H3K27me3 levels were reduced, while EZH2 levels
were unaltered or increased, and that HIF1a, but not HIF2a, knockdown restored these
levels, but abolished FoxM1 induction (139). In addition, the EZH2 promoter contains
an HRE, to which HIF1a can bind (HIF2a was not tested), thus inducing the
transcription of EZH2 (140). Together, these data showed that HIF1a induces a
functional switch of EZH2 (139). These and the various previously described functions

of EZH2 are summarized in Figure 1.4.

Besides RelA/RelB, AR, E2F1, and FoxM1, other proteins were also found to interact
with EZH2 to induce transactivation. EZH2 also interacts with RNA Pol Il in breast
cancer (103,106) and in natural killer/T-cell lymphoma, in which JAK3 mediated
phosphorylation of EZH2 at Y244 is required for this interaction, which also unlocks
the TAD (141). The acetyltransferase transcription activator protein p300 has also
been described to be an interaction partner of EZH2 in prostate cancer (96,99) and

leukemia (98). In addition, c-MYC in leukemia (98) and multiple myeloma (142), NMYC
in T-cell ymphoma (143), and YY1 in prostate cancer (144) have been reported as
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Figure 1.5: An overview of the functions of EZH2.
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EZH2 regulates gene expression via its methyltransferase (MT) activity within the PRC2. In a
methyltransferase-dependent manner, EZH2 can also activate proteins, whereas in a
methyltransferase-independent manner, it stabilizes MYC family proteins and p53 mRNA and activates

the transcription of multiple genes. Created with BioRender.com.

EZH2 partners for the transcriptional activator function of EZH2.

1.2.5. Targeting EZH2 in cancer therapy

Since EZH2 is often overexpressed or mutated in cancer, it is an attractive target for
pharmacological interventions. The first EZH2 inhibitors targeted the methyltransferase
function of EZH2, since the non-canonical functions were discovered later by Lee et
al. in 2011. EZH2 methyltransferase targeting compounds inhibit EZH2’s function by
accumulating S-adenosylhomocysteine (SAH) or competing with the methyl donor
SAM. One of the first potent EZH2 inhibitors is DZNep, which was discovered in 2007
by Tan et al. (145). DZNep was tested in breast and colon cancer cell lines, and it was
shown to induce apoptosis in the breast cancer cell line MCF-7 (145). It inhibits EZH2
by accumulating SAH, which represses the activity of SAM (146). This inhibition also
leads to the depletion of the PRC2 proteins (145). It is important to note that the
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inhibitor is not EZH2 specific, as global SAM levels are affected by DZNep.

Another group of EZH2 methyltransferase inhibitors competes with SAM binding within
the SET domain of EZH2 and acts more selectively. By preventing the transfer of the
methyl groups to H3K27, they efficiently block the methyltransferase function of EZH2.
The first SAM competitor, EPZ005687, was discovered in 2012 by Knutson et al., and
it was followed by the development of the experimentally widely used GSK126 (147)
and EPZ-6438 (Tazemetostat) (148). Tazemetostat is the only EZHZ2 inhibitor that has
been FDA approved for cancer treatment, specifically for epithelioid sarcoma (149) and
follicular lymphoma (150). The most recent EZH2 methyltransferase inhibitors are CPI-
0209 (Tulmimetostat) (151) and HH2853 (152), which target both EZH2 and EZH1.

Recently, several novel dual inhibitors and PRC2 disruptive inhibitors have also been
developed. Dual inhibitors target both EZH2 and another target of interest, such as
PARP1. This increases inhibitory activity in TNBC cells, but the efficacy depends on
BRCA mutation status (153,154). The heat shock protein 90 was also co-targeted with
EZH2 in a recent dual inhibitor approach, which showed potent anti-glioblastoma
activity (155). PRC2-disruptive inhibitors commonly target EED because of its
scaffolding role in the complex (121,156). For example, Astemizole targets the EZH2-

EED interaction and could arrest proliferation in lymphoma cells (157).

Given the limited efficacy of most EZH2 methyltransferase inhibitors in clinical trials,
perhaps also because these do not affect the non-canonical functions, there has been
a greater focus on EZH2 degraders in the last years. Three modes of action have been

used to create these degraders (121).

1. Degradation by CHIP, which senses inappropriate folding when the inhibitor
binds to the SET domain, thereby triggering degradation.

2. Hydrophobic tags, which activate the unfolded protein response, marking
EZH2 for degradation.

3. Proteolysis-targeting chimeras (PROTACs). These PROTACs contain a
specific ligand for a distinct E3 ubiquitin ligase, another ligand specific for a

target protein, and an optimized chemical linker connecting the two (158).

EZH2 degraders currently being investigated for the development of novel therapeutic

strategies are summarized in Table 1.1 (121).
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Table 1.1: EZH2 degrader overview.

Compound Mode of Tumor samples Reference
degradation

GNAO002 CHIP Head and neck cancer, Wang et al. 2017
breast cancer, hepatocellular (159)
carcinoma cell lines & head
and neck mouse xenografts

IHMT-337  CHIP TNBC, lymphoma cell lines & Mei et al. 2023
lymphoma mouse models (160)

MS1943 Hydrophobic tag Breast cancer cell lines & Ma et al. 2020
breast cancer mouse (161)
xenografts

YM181 PROTAC Prostate, colon, DLBCL Tu et al. 2021

YM281 cancer cell lines & mouse (162)
xenografts

MS8815 PROTAC TNBC cell lines & mouse Dale et al. 2022
xenografts (163)

MS8847 PROTAC Leukemia, AML, TNBC cell Valez et al
lines 2024(164)

E7 PROTAC Prostate cancer, Ovarian Liu et al. 2021
cancer, NSCLC, TNBC, and (165)
DLBCL cell lines

U3i PROTAC TNBC and leukemia cell Wang et al. 2022
lines (166)

MS177 PROTAC Leukemia, lymphoma, Wang et al. 2022
neuroblastoma, and cervical (98)
cancer cell lines & multiple Yu et al. 2023
myeloma cell lines (142)

Information derived from Wozniak et al. (121). AML: Acute myeloid leukemia; DLBCL: Diffuse large B-

cell lymphoma; NSCLC: non-small lung cancer; PROTAC: proteolysis-targeting chimera; TNBC: triple-

negative breast cancer.

1.3. Breast and lung cancer as model systems

Breast and lung cancers represent two of the most prevalent malignancies in the

Western world, accounting for a major proportion of cancer incidence and mortality,

with lung cancer and breast cancer causing most mortalities in men and women, with
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20% (167,168) and 7% (167), respectively. Despite advances in early detection and
targeted therapies, both tumor types are characterized by high rates of relapse and
therapeutic resistance (169-172). Metastasis, and especially brain metastasis (BM),
are very common in both cancers, with lung cancer being the most common cause of
BM, followed by breast cancer. About 10 to 20% of lung cancer patients have BM at
the time of diagnosis, and about 40% will develop it over time (173). In breast cancer
patients, BM were found in 7.2% of the patients at the time of diagnosis, and 17.5%
developed over time (174). Even though advances in therapies have been made, lung
BM patients have a median survival of 9 to 15 months (175), whereas breast BM
patients have a median survival ranging from 4.4 to 18.9 months, depending on the
subtype (174). A major contributing factor is the hypoxic tumor microenvironment,
which drives aggressive phenotypes (176—181). In addition, epigenetic regulators such
as EZH2 have emerged as important players in breast and lung cancer progression,
as discussed in previous sections. Together, these features make breast and lung

cancers highly relevant model systems to study the interplay between EZH2 and HIFs.

1.3.1. Breast cancer classification

Breast cancer can be divided into four main subtypes: luminal A, luminal B, human
epidermal growth factor receptor 2 (HER2)-positive, and TNBC. The classification is
based on the presence of several biomarkers and is important in the determination of
treatment strategies (171). Key biomarkers include the hormone receptors ER and the
progesterone receptor (PR), as well as the non-hormone receptor HER2 and the
proliferation marker Ki-67. ER is a ligand-activated transcription factor for genes
associated with cell survival and proliferation. PR is also a ligand-activated
transcription factor regulating genes involved in cell cycle, differentiation, and
proliferation. HER2 is a tyrosine kinase receptor and part of the epidermal growth factor
(EGFR) family, which unlike ER and PR, typically does not act as a transcription factor.
Upon ligand binding, this receptor forms heterodimers or homodimers with other EGFR
members and thus becomes activated (171). The activated receptor initiates signaling
pathways such as the RAS, PI3K, and STAT3 pathways, which influence gene
expression (182). The EGFRs regulate genes involved in proliferation, survival,
differentiation, angiogenesis, and invasion and metastasis, resulting in a worse clinical
outcome (183). Ki-67 is a protein involved in chromosome organization and it is a

widely used general proliferation marker (171).
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Luminal A cancer occurs in 50-60% of breast cancer patients, which makes it the most
common subtype. Patients with this subtype also have the best prognosis. The luminal
A subtype is characterized by being ER-positive, high PR levels, a low or no expression
of HERZ2, and low expression of Ki-67. The luminal B subtype is characterized by being
ER-positive and HER2-negative or HER2-positive. When luminal B cancer is HER2-
negative, PR expression is low, but Ki-67 expression is high. In luminal B HER2-
positive cancer, PR and Ki-67 expression vary. High Ki-67 expression accelerates
tumor growth, resulting in a worse prognosis. HER2-positive cancer is characterized
by high HER2 and Ki-67 expression and no or low expression of ER and PR levels,
which has a worse prognosis than the luminal cancers. TNBC expresses low to no
hormone receptors or HER2, but has very high Ki-67 levels, and is often driven by
BRCA mutations. TNBC patients have the biggest risk for developing metastasis, often
in the brain and lung, resulting in a higher mortality rate with a median overall survival
rate of 4.4 months in patients with BM (174,184—186). The subtypes are summarized
in Table 1.2. The Table also shows which group the cell lines used in this study belong

to.

1.3.2. The hypoxic tumor microenvironment of breast cancer

Hypoxia is a common feature of breast tumors. Oxygen levels in the breast were
studied by Vaupel et al., and they found that normal breast tissue has a median oxygen
tension (pO2) of 65mm Hg, whereas the median pO2is 28mm Hg in breast tumors
(187). They also found that about 60% of the investigated breast tumors has pO:
values below 2.5mm Hg (187). Many research projects have focused on HIF1a and its
role in breast cancer progression (140,176,188-191), but HIF2a also plays an
important role in breast cancer development and metastasis and has been shown to
be a potential prognostic marker (43,47—49,192-196). HIF2a is often linked to
regulating stemness, by regulating signaling pathways like 3-catenin/Wnt, Notch, and

mTOR, thereby contributing to cancer progression (196—199).

1.3.3. Lung cancer classification

Lung cancer can be divided into two main types, non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC), based on morphology as the gold standard. NSCLC
occurs in about 85% of lung cancer patients and SCLC in 15%, with SCLC being the
most aggressive type of lung cancer (200,201). NSCLC can be subdivided into three
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Table 1.2: Breast cancer subtype overview.

Subtype Key Features Occurrence Prognosis Cell lines used
(171) (171,202) Summary
(171)
Luminal A ER+/PR+/ 50-60% Best MCEF-7
HER2-/
Ki-67-
Luminal B ER+/PR-/HER2- 15% Intermediate = MDA-MB-361
/Ki-67+
or
HR+ /HER2+
HER2- ER-/PR-/HER2+/ 10-15% Worse
positive Ki-67+
TNBC ER-/PR-/HER2-/ 10% Worst MDA-MB-231
Ki-67+ MD-MB-157
BT-549

TNBC: Triple-negative breast cancer.

subtypes: lung adenocarcinoma, lung squamous cell carcinoma, and large cell lung
carcinoma. Table 1.3 summarizes the different lung cancer types and shows the cell

lines used in this study.

1.3.4. The hypoxic tumor microenvironment of lung cancer

Like in breast cancer, hypoxia is a common problem in lung cancer (179). Le et al.
found that normal lung tissue has a median pO2 of 42.8 mm Hg and lung cancer tissue
has a median pO2 of 16.6 mm Hg (203). Also in lung cancer, more research has
focused on the role of HIF1a in lung cancer progression (191,204—-208). However,
there have also been several studies demonstrating that HIF2a plays an important role
in cancer progression and as previously mentioned is considered a potential prognostic
marker (52,53,209-213). This could be partially explained by inducing stemness
though B-catenin/Wnt signaling (209,212,213).
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Table 1.3: Lung cancer subtypes overview.

Subtype Occurrence Cell lines used
(201)

NSCLC 44% PC-9, A549, H2030, H441

Lung adenocarcinoma

NSCLC 22%

Lung squamous cell carcinoma

NSCLC 1%

Large cell lung carcinoma

NSCLC 16%

other

SCLC 15%

NSCLC: non-small lung cancer; SCLC: small lung cancer.

1.4. The links between HIFs and EZH2

Both HIFs and EZH2 have been implicated in cancer progression, and in the last years,
relationships between them have been discovered. These relationships are not one-
directional and have been found in several tumor types including breast cancer
(139,189,190,214), lung cancer (206-208,215), and colorectal cancer (110). A HRE
within the EZH2 gene was discovered in 2011 by Chang et al. and validated for HIF1a
binding in breast tumor-initiating cells using chromatin immunoprecipitation followed
by quantitative polymerase chain reaction (ChIP-qPCR), demonstrating that hypoxia
increased EZH2 transcription (140). Unfortunately, as mentioned before, HIF2a
binding was not tested. This transcriptional activity of HIF1a at the EZH2 promoter can
be induced by staphylococcal nuclease and tudor domain containing 1 (SND1) (189).
SND1 is also a co-activator for E2F1 (216), which transcriptionally regulates EZH2 and
HIF2a (138,217). Forkhead box K2 (FOXK2) counteracts this HIF1a-EZH2 axis by
repressing HIF1B and EZH2 (190). However FOXK2 is transactivated by ER and
repressed by EZH2, and thus downregulated in TNBC, thereby the HIF1a-EZH2 axis
is maintained and worsens ER-negative breast cancer clinical outcome, which
highlights the complexity of the HIF1a-EZH2 axis in breast cancer (139,190,214).
HIF1a-dependent regulation of EZH2 has also been described A549 lung cancer cells
by Zhou et al. (215). They also demonstrated HIF1a binding to the EZH2 promoter

using ChIP-gPCR and a luciferase reporter assay.
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HIF1a can also affect EZH2 function, as was previously discussed in breast cancer, by
negative regulation of EED and SUZ12 (139). HIF1a directly binds to the EED and
SUZ12 promoter, resulting in loss of the active chromatin mark H3K27ac, while not
affecting EZH2. This negative regulation causes the functional switch from a repressor
to a transcriptional activator (139). In lung cancer cells, something very similar was
observed. Wang et al. showed that HIF1a inhibition or knockdown does not affect
EZH2 levels, but does increase H3K27me3 levels and SUZ12 protein and mRNA
levels, suggesting a HIF1a dependent negative regulation of PRC2 activity in this
context as well (206). They also suggested that this upregulation of PRC2 activity upon
HIF1a inhibition contributes to drug resistance. For this reason they developed a dual
inhibitor, DYB-03, which simultaneously targets HIF1a and EZH2 and demonstrated
potent antitumor activity. (206). Taken together, these studies suggest diverse and
likely context-dependent roles for HIF1a-mediated PRC2 regulation, in which HIF1a
can activate EZH2 expression and/or suppress SUZ12 and EED expression. The
timing and context-dependence of these regulatory events, as well as their effects on

chromatin state and genome-wide transcription, remain to be fully elucidated.

Conversely, Wang et al. showed that EZH2 negatively regulates HIF1a in a
methyltransferase-dependent manner. Upon EZH2 knockdown in the lung cancer cell
lines A549 and H460, HIF1a protein levels were increased, which was reversed upon
EZH2 rescue (206). They found no effect of EZH2 knockdown on HIF2a and HIF1(3
protein levels (206). Zhao et al. also found reduced HIF1A mRNA levels upon EZH2
knockdown in Lewis lung carcinoma cells (207). However, under glucose deprivation,
a positive regulation of HIF1a by EZH2 was observed by Saggese et al. They showed
that, upon glucose deprivation and EZH2 knockdown, HIF1a protein and HIF1A mRNA
levels were reduced in A549 cells (208). These findings suggest that additional factors
or mechanisms may influence the final outcome of EZH2-dependent regulation of

HIF1a, which may increase or decrease depending on the specific cellular context.

These studies demonstrate a complex and clinically relevant link between HIF1a and
EZH2, highlighting their potential as therapeutic targets. Yet, most investigations have
largely focused on HIF1a, with limited attention to HIF2a, despite its important role in
cancer as discussed earlier. In recent years, however, more research has begun to

uncover the mechanisms regulating HIF2a as well.
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HIF2a can be regulated at DNA, mRNA, and protein level (218). Several promoter-
associated proteins have been found for EPAS1 such as c-Myc (219), E2F1 (217), and
p52 (220) as positive regulators based on ChIP-gPCR data, and HDX, which was
identified as a negative regulator of EPAS1 in an engineered DNA-binding molecule
mediated chromatin immunoprecipitation followed by mass spectrometry (enChIP-MS)
screening study (221). At the mRNA level, several microRNAs can negatively regulate
EPAS1, including miR-185 (222), miR-145 (223), miR-17, and miR-20A (224). In
addition, iron regulatory proteins bind to a conserved iron response element in the 5’
untranslated region (UTR) of EPAS1 mRNA, blocking its translation under iron-
deficient conditions (225,226). At the protein level, non-coding RNA ZFAS1 was found
to bind and upregulate HIF2a protein levels under hypoxic and normoxic conditions,
while reducing HIF1a levels (227). Furthermore, as discussed in section 1.1.2, HIF2a
gets hydroxylated by PHDs and FIH, but it can also be phosphorylated, acetylated, and
methylated (218). When looking at EZH2’s function, its regulatory activity occurs at the
same levels at which EPAS1/HIF2a can be regulated, as shown in Figure 1.4. Figure

1.5 depicts how HIF2a can be regulated and how EZH2 could play a role.

There are, however, more indirect pathways through which EZH2 could influence
HIF2a levels. For example, siah E3 ubiquitin protein ligase 2 (Siah2) regulates the
stability of PHDs (228), and EZH2 has been reported to repress SIAH2 in a PRC2-
dependent manner (229), in which it could indirectly affect HIF2a stability. These
multiple layers of regulation make investigating the dependency of HIF2a on EZH2

more challenging.
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Figure 1.6: An overview of HIF2a regulation.

HIF2a is regulated at multiple levels: at the DNA level by transcriptional activators such as c-Myc, E2F1,
and p52, and the repressor HDX; at the mRNA level by miRNAs and iron regulatory proteins, which
negatively regulate EPAS1; and at the protein level through posttranslational modifications and binding
of the non-coding RNA ZFAS1, affecting its function and stability. EZH2 may influence HIF2a regulation

at all of these levels. Created with BioRender.com.

1.5. Aims of the thesis project

Hypoxia is a key driver of cancer progression, largely mediated by HIFs (230). The
mechanisms behind HIFa stability have been widely studied, but its transcriptional
regulation is less well understood, especially for HIF2a. Given the pivotal role of HIF2a
in cancer progression, one focus of our lab is to discover regulatory pathways
specifically for HIF2a. Among other investigations, a small-scale loss of function
screening was conducted in our laboratory using shRNAs. Since we hypothesized that
KDMs might cooperate with PHDs due to their shared cofactor requirements, the
screening focused on KDMs and on EZH2, which counteracts H3K27 demethylases
and is a known regulator of tumor progression and a therapeutic target in various types
of cancer (100-108,111-113,146,149,150). The results of this screening suggested a
role for EZH2 as a novel regulator of HIF2a, as HIF2a protein levels were decreased
upon EZH2 knockdown in a single cell clone from genetically engineered MDA-MB-
231 cells (MDA-POR) under intermittent hypoxic conditions.
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As afore mentioned, links between EZH2 and HIF1a have been described in several
studies and a recent review summarizes the main findings on the relation between
EZH2 and HIF1a (191). However, no regulatory relationship between EZH2 and HIF2a

has yet been reported.
The aims of this study were therefore:

1
2

) to validate the previous findings in parental MDA-MB-231 cells,
)

3) to decipher the molecular mechanisms by which EZH2 regulates HIF2aq,
)
)

to evaluate whether the observed regulation is tumor-type independent,

4
5

to uncover the functional consequences of this regulation,

to evaluate its relevance and potential implications in various tumor models.

With these aims in mind, this study sought to uncover a novel regulatory interaction
between a druggable epigenetic modifier and the hypoxia signaling pathway, with the
potential to inform the development of new therapeutic strategies as well as the

refinement of existing ones.
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2. Results

2.1. HIF dynamics and the effect of EZH2 knockdown
on HIFs

2.1.1. HIF dynamics in MDA-MB-231 and PC-9 cells

Given the inconsistency in defining acute and chronic hypoxia in the literature and the
kinetics of cellular HIF1a and HIF2a levels, | first sought to establish how my
experimental models respond to hypoxia treatments of different durations. This was

also important to specify the conditions for later experiments.

The two models used in most of the experiments, MDA-MB-231 and PC-9 cells, were
subjected to hypoxic conditions for increasing durations (Fig. 2.1). In both cell lines,
HIF1a levels rose within the first few hours of hypoxia and remained high for 8 hours,
after which HIF1a levels declined, consistent with its role as an early responder. In
contrast, HIF2a accumulated more gradually in MDA-MB-231 cells and was
maintained for longer periods, peaking at 48 hours. In PC-9 cells HIF2a accumulated
with a similar pattern to HIF1a levels, peaking at 8 hours, but remained detectable up

to 48 hours. In both cell lines this reflected its function in sustaining the hypoxic

response.
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Figure 2.1: Dynamics of HIFs, EZH2, and H3K27me3 during hypoxic exposure.
Western blots showing the protein changes in MDA-MB-231 and PC-9 upon hypoxic exposure (1% O32)
at different time points (n=1).
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Additional western blot analyses were performed to monitor the effect of the same
treatments on EZH2 and the main product of its enzymatic activity, H3K27me3. EZH2
levels appear to decrease with longer hypoxia exposure in both cell lines, whereas
H3K27me3 levels increase initially and then decrease at the latest time points in both
cell lines, suggesting a repressive state under hypoxic conditions up to 72 hours in
MDA-MB-231 and 48 hours in PC-9 cells, as has been described in the literature
(75,76).

These observations confirm that both cell lines possess a functional HIF signaling
pathway and that EZH2 levels decrease only slightly up to 48 hours, providing a solid

reference point for the mechanistic studies described in the following sections.

2.1.2. EZH2 knockdown reduces HIF2a protein and EPAS1 mRNA

levels in a subset of breast and lung cancer cell lines

To confirm the previously observed effect of EZH2 knockdown on HIF2a protein levels
in MDA-POR cells, | generated parental MDA-MB-231 knockdown cells using two
different shRNA’s (Fig. 2.2A,B). Additionally, EZH2 was knocked down in PC-9 cells
using shRNA #2 (Fig. 2.2A,B). EZH2 protein and mRNA levels and H3K27me3 levels
confirmed efficient knockdown of EZH2 in both cell lines. HIF2a levels were decreased
in both cell lines upon EZH2 knockdown under hypoxia, consistent with the results from
the preliminary knockdown screen. HIF1a levels were decreased in PC-9 cells,

although the results were inconsistent between independent repeats.

After confirming HIF2a protein levels decrease upon EZH2 knockdown in both MDA-
MB-231 and PC-9 cells subjected to hypoxia, the aim was to determine whether HIF2a
is also regulated at the mRNA level. EPAS1 mRNA levels were significantly reduced
in MDA-MB-231 EZH2 knockdown cells under normoxic and hypoxic conditions
transduced with shEZH2 #2 (p < 0.0001), while HIF1A mRNA levels were unchanged
(p =0.1093, p = 0.7057, respectively). HIF1A mRNA levels were significantly reduced
under normoxic and hypoxic conditions in the cells transduced with shEZH2 #1 (p =
0.0021, p = 0.0096, respectively), although the decrease under hypoxia was relatively
small (Fig. 2.2B). EZH2 knockdown in PC-9 cells showed a non-significant decreasing
trend under both normoxic and hypoxic conditions (p = 0.0525 and p = 0.1746,

respectively), but the observed differences were small. HIF1a mRNA levels were not
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Figure 2.2: shRNA-mediated knockdown of EZH2 and its effect on HIF1a/HIF2a protein and
HIF1A/EPAS1 mRNA levels.

MDA-MB-231 (n=7) and PC-9 (n=4) cells were exposed to normoxic (21% O2) or hypoxic (1% O3)
conditions for 48 or 24 hours, respectively. A) Western blots showing EZH2 knockdown efficiency and
its effect on HIF levels. B) RT-gPCR analysis showing corresponding mRNA levels relative to HPRT1.
The data are presented as mean + SD. Statistical significance was determined using a two-tailed paired
t-test. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Nsc: non-silencing control.

affected by EZH2 knockdown in PC-9 cells (p = 0.6276, p = 0.5054, respectively) (Fig.
(Fig. 2.2B).

To further validate these findings and rule out shRNA specific effects, | used small
interfering RNA (siRNA)-mediated knockdown in both cell lines. In both cell lines the
EZH2 knockdown was efficient, confirmed by reduced levels of EZH2 protein and
mRNA, and H3K27me3 levels (Fig. 2.3A,B). In both cell lines HIF2a protein levels were
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notably reduced upon EZH2 knockdown under hypoxia. At the mRNA level, HIF2a was
significantly reduced under normoxic conditions in MDA-MB-231 cells (p = 0.0258),
although the reduction was minor. Under hypoxic conditions, there was also a minor
decrease, but it was not significant (p = 0.1732) (Fig. 2.3B). However, in PC-9 cells
there was a large significant reduction of EPAS1 mRNA levels upon EZH2 knockdown
under normoxic and hypoxic conditions (p = 0.0038, p = 0.0010, respectively) (Fig.
2.3B). Together, these results show that HIF2a is dependent on EZH2 availability and
is at least in part regulated at the mRNA level. This is also supported by microarray
data from Yu et al. showing a significant reduction in EPAS1 mRNA levels upon EZH2
knockdown in H16N2 human mammary epithelial cells and RWPE prostate epithelial
cells (p = 0.0024, p = 0.0099, respectively) (Fig. 2.3C) (GSE8145) (231).
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Figure 2.3: siRNA-mediated knockdown of EZH2 and its effect on HIF2a protein and EPAS1
mRNA levels.

MDA-MB-231 (n=4) and PC-9 (n=3) cells were transfected with siEZH2 for 48 hours and exposed to
normoxic (21% O2) or hypoxic (1% Oz) conditions for 24 hours. A) Western blots showing EZH2
knockdown efficiency and its effect on HIF2a levels. B) RT-qPCR analysis showing corresponding
mRNA levels relative to ACTB. C) Microarray data from Yu et al. (n=3) (231). The data are presented
as mean + SD. Statistical significance was determined using a two-tailed paired t-test for B and a two-
tailed student’s t-test for C. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Nsc: non-

silencing control.

29



To address if the observed HIF2a dependency on EZH2 is specific to these cell lines
or present across other breast and lung cancer cell lines and other cancers such as

glioblastoma, EZH2 was knocked down in several other cell lines.

As shown in Fig. 2.4A, EZH2 knockdown in another TNBC cell line BT-549 and non-
TNBC cell lines MDA-MB-361 and MCF-7 did not reduce HIF2a protein levels. In the
TNBC cell line MDA-MB-157, however, a small reduction in HIF2a protein levels was
observed under normoxia and hypoxia, and a reduction in EPAS1 mRNA levels was
observed, especially under normoxic conditions (Fig. 2.4B). However, since the
decrease was small and HIF2a protein levels did not respond to the hypoxia treatment,
the cell line was excluded from further analysis. In BT-549 cells, a slight increase was
found in EPAS1 mRNA levels and an approximate two-fold increase was found in
MCEF-7 cells (Fig. 2.4B). These findings clearly demonstrate that HIF2a dependence

on EZH2 is not a general feature in breast cancer cells.

EZH2 was also knocked down in the lung adenocarcinoma cell lines A549, H441, and
H2030. No decrease in HIF2a protein levels was observed in the three cell lines (Fig.
2.5A) and mRNA levels were unchanged or slightly increased upon EZH2 knockdown
(Fig. 2.5B). This shows that HIF2a dependency on EZH2 is also not universal across

lung adenocarcinoma cell lines.

EZH2 was additionally knocked down in the glioblastoma cell lines G55 and U87.
HIF2a protein levels were inconsistent under normoxic conditions in G55 cells (Fig.
2.6A). Under hypoxic conditions, no reduction of HIF2a protein levels was observed in
both G55 and U87 cells (Fig. 2.6A). EPAS1 mRNA levels were also not decreased
upon EZH2 knockdown in U87 cells (Fig. 2.6B). Together, these results show that
HIF2a dependency on EZH2 is cell line dependent.

2.1.3. EZH2 restoration partially reverses the reduction of EPAS1
MRNA levels

The next aim was to investigate if the reduction in HIF2a levels following EZH2
depletion is reversible upon restoration of EZH2 levels. For this purpose, a long-term
experiment with transient siRNA knockdown under normoxia was performed. MDA-
MB-231 and PC-9 cells were transfected with siRNA targeting EZH2 for 48 hours,
representing day 4 in Figure 2.7. Cells were further cultured and harvested again at

day 8, day 11, and 15.
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Figure 2.4: shRNA-mediated knockdown of EZH2 in other breast cancer cell lines and its effect
on HIF2a protein and EPAS1 mRNA levels.

BT-549, MDA-MB-157, MDA-MB-361, and MCF-7 cells were exposed to normoxic (21% O2) or hypoxic
(1% O2) conditions for 48 hours (n=1). A) Western blots showing EZH2 knockdown efficiency and its
effect on HIF2a levels. B) RT-gPCR analysis showing corresponding mean mRNA levels relative to

HPRT1. Nsc: non-silencing control; TNBC: Triple-negative breast cancer.
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Figure 2.5: shRNA-mediated knockdown of EZH2 in other lung adenocarcinoma cell lines and its
effect on HIF2a protein and EPAS1 mRNA levels.

A549, H441, and H2030 cells were exposed to normoxic (21% O2) or hypoxic (1% Oz2) conditions for 48
hours (n=1). A) Western blots showing EZH2 knockdown efficiency and its effect on HIF2a levels. B)
RT-gPCR analysis showing corresponding mean mRNA levels relative to HPRT1. Nsc: non-silencing

control.

In both cell lines, EZH2 and EPAS1 mRNA levels were significantly reduced at day 4
(MDA-MB-231 p = 0.0040, p = 0.0341; PC-9 p = 0.0050, p = 0.0026, respectively) (Fig.
2.7A). At day 8, EZH2 was still significantly reduced in MDA-MB-231 cells (p = 0.0170),
but the difference was visibly smaller (Fig. 2.7A). In two out of three experiments a
reduction of HIF2a levels of approximately two-fold was observed. HIF2a levels were
slightly higher in the third experiment, resulting in a non-significant difference (p =
0.3280) (Fig. 2.7A). In both cell lines EZH2 levels were still significantly reduced at day
11 (MDA-MB-231: p = 0.0123; PC-9: p = 0.0194), but visibly higher compared to day
4. HIF2a levels in MDA-MB-231 cells were no longer decreased in siEZH2 cells (p =
0.4322), but remained significantly lower in PC-9 cells (p = 0.0249) (Fig. 2.7A). At day

15, EZH2 levels were largely restored in both cell lines, and HIF2a levels in PC-9 cells
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Figure 2.6: shRNA-mediated knockdown of EZH2 in glioblastoma cell lines and its effect on
HIF2a protein and EPAS1 mRNA levels.

G55 (n=4) and U87 (n=1) cells were exposed to normoxic (21% O:2) or hypoxic (1% Oz) conditions for
48 hours. A) Western blots showing EZH2 knockdown efficiency and its effect on HIF2a levels. B) RT-
gPCR analysis showing corresponding mean mRNA levels relative to HPRT1. Nsc: non-silencing

control.
also returned toward baseline.

To determine whether the difference between siNsc (non-silencing control) and siEZH2
cells in EPAS mRNA levels was significantly reduced over time in PC-9 cells, the
siNsc/siEZH2 ratio was calculated and compared at the different time points. This ratio
was significantly smaller at day 11 compared to day 4 (p = 0.0019). In addition, the
siNsc/siEZH2 ratio was substantially reduced on day 15 compared to the ratios on days
4 and 11. As two biological replicate samples were analyzed on day 15, no statistical

tests were performed using the day 15 data.

Together, these findings show that HIF2a protein/EPAS1 mRNA expression recovers
in parallel with EZH2 re-expression, consistent with a direct, reversible dependency of

HIF2a transcription on EZH2 availability.
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Figure 2.7: The effect of EZH2 restoration on EPAS1 levels after transient EZH2 knockdown.
MDA-MB-231 and PC-9 cells were transfected with siEZH2 for 48 hours and kept under normoxic (21%
0O2) conditions (day 4) (n=3). The cells were cultured and harvested again on day 8 (n=3), 11 (n=3), and
day 15 (n=2) A) RT-gPCR analysis showing EZH2 and EPAS1 mRNA levels relative to ACTB at the
different time points. B) The ratio of the siNsc and siEZH2 relative mRNA levels of EPAS1 at the different
time points in PC-9 cells. The data are presented as mean £ SD. Statistical significance was determined
using a two-tailed paired t-test. ns p > 0.05; * p < 0.05; ** p < 0.01; ** p < 0.001. Nsc: non-silencing

control.
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2.2. Mechanisms of HIF2a regulation by EZH2

2.2.1. HIF2a reduction upon EZH2 knockdown is independent of the
PRC2 and EZH2’s methyltransferase function

The previous experiments demonstrated that HIF2a expression depends on EZH2 and
could be restored upon EZH2 re-expression. To elucidate the underlying mechanisms,
| aimed to investigate the potential involvement of the PRC2 in the regulation of HIF2a.
To this end, | depleted the other PRC2 subunits EED and SUZ12 in MDA-MB-231 cells

by using shRNA-mediated knockdown, creating stably transduced cells.

EZH2, SUZ12, and EED were effectively knocked down, and in all cases, this resulted
in the depletion of H3K27me3 levels (Fig. 2.8A). Interestingly, EZHZ2 protein levels were
decreased upon EED and SUZ12 knockdown, while mRNA levels remained stable
(Fig. 2.8A,B). SUZ12 protein levels were decreased upon EZH2 knockdown. Under
normoxic conditions, SUZ12 mRNA levels were also significantly reduced (p = 0.0221),
whereas, under hypoxic conditions, this reduction was not significant (p = 0.1380) (Fig.
2.8A,B). These results suggest the existence of a bi-directional regulatory system

among the subunits.

Most importantly, HIF2a protein levels under hypoxic conditions and EPAS1T mRNA
levels under normoxic and hypoxic conditions were exclusively reduced in EZH2
knockdown cells (p = 0.0360, p = 0.0149, respectively) (Fig. 2.8A,B).

These results show that EZH2 regulates HIF2a independent of the PRC2. However,
the regulation may still depend on its catalytic, methyltransferase function. To test if
the regulation of HIF2a by EZH2 is methyltransferase-dependent, | treated MDA-MB-
231 and PC-9 cells with different concentrations of the EZH2 inhibitor GSK126 under
normoxic or hypoxic conditions. GSK126 is a SAM-competitive inhibitor that binds to
the SAM binding site within the SET domain of EZH2. By preventing the transfer of the
methyl groups to H3K27, it efficiently blocks the methyltransferase function of EZH2 in
a highly selective manner (147,232). Thus, it inhibits only the methyltransferase
function while leaving EZH2 protein levels intact. In both cell lines, GSK126 indeed
only reduced H3K27me3 levels and barely changed EZH2 levels (Fig 2.9A).

More importantly, HIF2a levels remained largely unchanged and only a slight decrease

was observed with 1 yM GSK126, the highest concentration used, in PC-9 cells (Fig
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Figure 2.8: shRNA-mediated knockdowns of PRC2 subunits and their effect on HIF2a protein
and EPAS1 mRNA levels.

MDA-MB-231 cells were kept under normoxic (21% O2) or hypoxic (1% Oz2) conditions for 48 hours
(n=3). A) Western blot showing EZH2, SUZ12, and EED knockdown efficiency and its effect on HIF2a
levels. B) RT-gPCR analysis showing corresponding mRNA levels relative to HPRT1. The data are
presented as mean = SD. Statistical significance was determined using repeated-measures one-way
ANOVA with Dunnett’s post-hoc test. ns p > 0.05; * p < 0.05; ** p < 0.01; **** p < 0.0001. Nsc: non-

silencing control.

2.9A). In MDA-MB-231 cells treated with 0.2 yM GSK126 under normoxic conditions,
a small but significant increase in EZH2 mRNA levels was observed (p = 0.0439). In
all other conditions in MDA-MB-231 and PC-9 cells, no significant differences were

detected (Fig. 2.9B). These results suggest a function of EZH2 in the regulation of
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Figure 2.9: Pharmacological inhibition of the methyltransferase function of EZH2 and its effect
on HIF2a protein and EPAS1 mRNA levels.

MDA-MB-231 and PC-9 cells were treated with different concentrations of GSK126 for 48 hours and
were kept under normoxic (21% Oz) or hypoxic (1% O2) conditions for 24 hours (where statistical results
are shown n=3, otherwise n=2). A) Western blots showing GSK126 treatment efficiency and its effect
on HIF2a levels. B) RT-gPCR analysis showing corresponding mRNA levels relative to HPRT1. The
data are presented as mean + SD. Statistical significance was determined using repeated measures
one-way ANOVA with Dunnett’s post-hoc test. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. Nsc:

non-silencing control.

HIF2a that is independent of the methyltransferase activity of EZH2.

Together, these results indicate that EZH2 does not require its methyltransferase
function and that the other PRC2 subunits are dispensable for EZH2-dependent

regulation of HIF2a.

37



2.2.2. The EZH2 depletion-induced downregulation of HIF2a does not
depend on EZH1

The previous results show a PRC2-and methyltransferase-independent regulation of
HIF2a by EZH2. However, since EZH1, the paralog of EZH2, may replace EZH2’s

functions (233,234), EZH1 levels were also investigated.

EZH2 knockdown in MDA-MB-231 cells led to a strong increase in EZH1 protein levels
(Fig. 2.10A), prompting further investigation of a potential repressive role for EZH1 in

HIF2a regulation.

To test this hypothesis, | knocked down EZH1 using siRNA in MDA-MB-231 shNsc
(non-silencing control) and shEZH2 cells. EZH1 knockdown did not affect HIF2a
protein levels in shNsc and shEZH2 cells (Fig. 2.10B). However, a surprising decrease
in EPAS1 mRNA levels was found in shNsc and shEZH2 cells, while only a small
decrease was observed in HIF1A mRNA levels (Fig. 2.10C).

Although the role of EZH1 in HIF regulation warrants further investigation, the results
exclude the possibility that HIF2a downregulation upon EZH2 depletion is
accomplished by EZH1 induction.

2.2.3. EZH2 does not regulate HIF2a through Notch1 signaling
Upon establishing that EZH2 does not require the PRC2 components or its

methyltransferase function, | investigated another potential regulator of HIF2a. Notch1
is one of four cell-surface receptors regulating the Notch signaling pathway. Upon
ligand binding, Notch1 undergoes cleavage by y-secretase, releasing the Notch1
intracellular domain (NICD), which translocates to the nucleus where it interacts with
DNA-binding proteins such as recombination signal binding protein for immunoglobulin
kappa J region (RBPJ), and induces gene expression (235). NOTCH1 is a target gene
of the transcriptional activator function of EZH2 (130,131) and has been shown to be
involved in HIF2a regulation (236). In addition, a research group at JLU found
occupancy of RBPJ at the EPAS1 promoter. This information makes Notch1 a
plausible component of the EZH2-HIF2a regulatory axis.

Since EZH2 has been shown to bind to the NOTCH1 promoter in MDA-MB-231 cells
and regulate Notch signaling (130), it is to be expected that NOTCH1 mRNA levels
decrease upon EZH2 knockdown. Unexpectedly, NOTCH1 mRNA levels were
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Figure 2.10: EZH1 upregulation upon EZH2 knockdown and siRNA-mediated knockdown of EZH2
and its effect on HIF2a protein and EPAS1 mRNA levels.

A) Western blot showing EZH1 levels upon EZH2 knockdown in MDA-MB-231 cells kept normoxic (21%
0O2) or hypoxic (1% Oz2) conditions for 24 hours (n=3). B) Western blot showing EZH1/2 knockdown
efficiency and its effect on HIF2a (n=2). C) RT-gPCR analysis showing corresponding mRNA levels

relative to HPRT1 (n=2). The data are presented as mean + SD. Nsc: non-silencing control.

unchanged upon EZH2 knockdown under normoxic and hypoxic conditions in my

experiments (Fig. 2.11A).

To further test the potential role of Notch1 in the regulation of HIF2a, |
pharmacologically blocked Notch signaling by using the y-secretase inhibitor DAPT
(237). Cleaved Notch1 (active) protein levels and hairy and enhancer of split 1 (HES1)
mRNA levels, a Notch1 target gene (238), were downregulated upon DAPT treatment,

confirming efficient inhibition (Fig. 2.11B,C). EZH2 levels were unresponsive to DAPT
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Figure 2.11: The role of Notch1 in HIF2a regulation.

MDA-MB-231 were kept under normoxic (21% O2) or hypoxic (1% Oz2) conditions for 48 hours. A) RT-
gPCR showing NOTCH1 levels in MDA-MB-231 shNsc and shEZH2 cells (n=3). B) Western blot
showing the efficiency of 48-hour DAPT (20 uM) treatment and its effect on HIF2a levels (n=2). C) RT-
gPCR analysis showing corresponding mRNA levels relative to HPRT1 (n=2). D) Western blot showing
Notch intracellular domain (NICD) overexpression efficiency and its effect on HIF2a levels (n=1). The

data are presented as mean = SD. ns p > 0.05. Nsc: non-silencing control.

treatment. HIF2a protein levels were also not affected by DAPT treatment, while
EPAS1 mRNA levels showed only a very minor decrease (Fig. 2.11B,C). Additionally,
Notch1 NICD protein levels were induced upon EZH2 knockdown (Fig. 2.11B). These
results suggest that Notch1 is not a regulator of HIF2a in MDA-MB-231 cells.
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To further exclude Notch1 as a HIF2a regulator, | transiently overexpressed the Notch1
ICD in MDA-MB-231 cells. Western blot analyses of the cell lysates showed that while
overexpression was efficient, HIF2a levels remained unchanged (Fig. 2.11D),

confirming that EZH2 does not regulate HIF2a via or with Notch1.

2.2.4. EZH2 does not regulate HIF2a by affecting the elongation

EZH2 has been implicated in transcriptional elongation through indirectly affecting
RNA Pol Il transcription under heat shock responses (239). To test whether EZH2
similarly regulates EPAS1 transcription, | examined RNA Pol Il occupancy across the

gene.

To this end, | designed and tested four primer pairs within exon 1 and intron 1, which
span up to 28 kb of the EPAS1 gene (Fig. 2.12A), and analyzed the occupancy of RNA
Pol Il at these loci using ChIP-gPCR. Figure 2.12B shows a significant difference in
RNA Pol Il occupancy at locus #1 between MDA-MB-231 shNsc and shEZH2 cells (p
= 0.0347), supporting the hypothesis that EZH2 could regulate EPAS1 as a
transcriptional regulator. As expected, the occupancy at the other loci (#2-4) was
reduced compared to #1 (Fig. 2.12B). To determine whether EZH2 truly affects
elongation, | compared the occupancy between MDA-MB-231 shNsc and shEZH2 cells
at loci #2, #3, and #4 relative to locus #1. No significant differences were observed,
suggesting that EZH2 does not affect the elongation of EPAS1 in MDA-MB-231 cells.

2.2.5. EZH2 binds to the EPAS1 promoter region

The previous results already suggested a role for EZH2 in transcriptional control of
EPAS1. However, these results do not address the direct interaction of EZH2 with
EPAS1. To study if EZH2 regulates EPAS1 in a direct manner by binding to the

promoter region, another round of ChIP experiments was performed.

Sixty-five primer pairs covering different loci divided around the EPAS1 promoter
region were designed and tested. The four primer pairs that worked efficiently (R? >
0.95 and efficiency between 90 and 110%) were employed in subsequent experiments
(Fig. 2.13A). The occupancy of EZH2 (main target), RNA Pol || and H3K4me3 (active
chromatin markers), and H3K27me3 (repressive chromatin and canonical EZH2
function marker) was investigated at the four genomic loci and the control genes myelin
transcription factor 1 (MYT1), ribosomal protein L30 (RPL30), and NOTCH1 (Fig.

2.13B).
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Figure 2.12: The role of EZH2 in EPAS1 elongation.

A) An overview of the four chosen loci within the EPAS1 gene. B) Uncorrected % of input of RNA Pol Il
binding in MDA-MB-231 shNsc and shEZH2 cells. % of input corrected for IgG (relative occupancy) was
used for statistical testing (n=3). C) Relative occupancy ratio between locus #2, 3, and 4 compared to
#1 (n=3). Note: One IgG measurement was missing for shNsc. The average from the other two
experiments was taken to calculate the relative occupancy. The data are presented as mean + SD.
Statistical significance was determined using a two-tailed paired t-test. ns p > 0.05; * p < 0.05. Nsc: non-

silencing control.

EZH2 occupancy in MDA-MB-231 shNsc cells at MYT1 (positive control for PRC2) was
significantly higher than at RPL30 (negative control) (p < 0.0001), which corresponded
with H3K27me3 occupancy (p < 0.0001), while RNA Pol Il and H3K4me3 ChIP-gPCR
signals were very low, near to the background. The EZH2 and H3K27me3 occupancies
at MYT1 were abolished upon EZH2 knockdown (p < 0.0001). In accordance with the
results from the Gonzalez et al., study (130), a significantly higher ChlP-gPCR signal
of EZH2 at the NOTCH1 promoter was detected in MDA-MB-231 shNsc cells
compared to shEZH2 cells (p < 0.0001), which corresponded with RNA Pol Il (p =
0.0312) and H3K4me3 (p = 0.0038), but not with H3K27me3 occupancy (p < 0.0001;
data not shown in graph). These results confirmed that the antibodies and shRNA-
mediated depletion of EZH2 are suitable experimental tools to obtain interpretable data
from ChIP analyses.

From the four EPAS1 loci, significant EZH2 occupancy over RPL30 was exclusively
found at the EPAS1 #4 locus (p = 0.0175), 1,723 bp upstream of the transcription start
site (TSS). H3K4me3 occupancy corresponded with this finding (p = 0.0009). Although
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Figure 2.13: The occupancy of EZH2 at the EPAS1 promoter region.

A) An overview of the four selected loci within the EPAS1 gene. B) ChIP-gPCR data showing relative
occupancies in MDA-MB-231 shNsc and shEZH2 cells of EZH2 (n=6, n=5, respectively), RNA Pol Il
(n=6, n=5, respectively), H3K27me3 (n=5, n=4, respectively), and H3K4me3 (n=5, n=4, respectively)

under normoxic (21% Oz) conditions. C) ChIP-seq data showing EZH2 occupancy (enrichment relative
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Figure 2.13: continued

to input) at the EPAS1 gene in biological triplicates derived from Dardis et al. (GSE223959) (128). The
data in B are presented as mean x SD. Statistical significance was determined using two-way ANOVA
with Dunnet’s or Sidak’s post-hoc tests. ns p > 0.05; * p <0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001.

Nsc: non-silencing control.

RNA Pol Il signal was detected at EPAS1 #4, the signal was not significantly higher
compared to MYT1 (negative control) (p = 0.1916). H3K27me3 occupancy was near
the background at all four EPAS1 loci tested, demonstrating PRC2-independent
binding. In addition, the decrease of EZH2 occupancy upon EZH2 knockdown at
EPAS1 #4 was significant (p = 0.0008). These findings suggest that EZH2 regulates

EPAS1 in a direct manner as a transcriptional activator.

The possibility of EZH2 functioning as a transcriptional activator of EPAS1 is further
supported by chromatin immunoprecipitation followed by sequencing (ChlP-seq) data
from Dardis et al. (128). Their data show EZH2 occupancy at the EPAS1 promoter
region, including EPAS1 #4, in MDA-MB-231 cells (Fig. 2.13C), as well as HIF2a
downregulation upon siRNA-mediated EZH2 knockdown (GSE223959).

2.2.6. Src inhibition reduces EZH2 levels but does not consistently

affect HIF2a
Upon establishing that EZH2 likely directly regulates EPAS1 as a transcriptional

activator, the aim was to elucidate what causes EZH2 to switch from its canonical
PRC2 and methyltransferase-dependent transcriptional repressor function to a
transcriptional activator. Zhang et al. found that phosphorylation of EZH2 at Y696 by
Src induces a transcriptional activator function of EZH2, which controls c-JUN gene
expression in MDA-MB-231 BM cells (106). To test whether a Src-dependent switch in
EZH2 function may play a similar role in EPAS1 gene expression, | blocked Src using
Saracatinib, an ATP-competitive Src inhibitor (240), in MDA-MB-231 and PC-9 cells.

Both cell lines received Saracatinib treatment for 24 or 48 hours, and active Src (p-Src
Tyr416) was reduced at both time-points, confirming efficient inhibition of Src activity
under normoxic and hypoxic conditions (Fig. 2.14A). Surprisingly, EZH2 protein levels
were also reduced in both cell lines (Fig. 2.14A). However, the EZH2 protein levels
were inconsistent between experiments in MDA-MB-231 cells. In both cell lines, EZH2
mMRNA levels were also reduced. The strongest decrease was observed in PC-9 cells,

with levels dropping to 10-20% under normoxic conditions, whereas in MDA-MB-231
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cells, levels were only reduced to 60-75% under both normoxic and hypoxic conditions.
Interestingly, hypoxia also reduced EZH2 mRNA levels in PC-9 cells down to about

25% compared to normoxic conditions (Fig. 2.14B).

HIF2a protein levels were not decreased in MDA-MB-231 cells upon Saracatinib
treatment and mRNA levels were, surprisingly, even increased (Fig. 2.14A,B).
However, in PC-9 cells, HIF2a levels were visibly reduced upon Saracatinib treatment
under hypoxic conditions and mRNA levels were also reduced down to approximately
20% under normoxic conditions and under hypoxic conditions down to 30-40% (Fig.
2.14A,B). In summary, although pharmacological inactivation of Src reduced EZH2
levels, this effect correlated with decreased HIF2a protein and EPAS1 mRNA levels
only in PC-9 cells. Thus, while Src-mediated phosphorylation of EZH2 at Y696 might
enhance its transcriptional activator function, pharmacological Src inhibition with
Saracatinib cannot be used to test the reverse effect experimentally, as it concurrently
decreases EZH2 levels. Of note, the pronounced decrease in EZH2 protein and
EPAS1 mRNA in PC-9 cells is consistent with the impact of genetic EZH2 depletion on
HIF2a protein and EPAS1 mRNA levels in both PC-9 and MDA-MB-231 cells.
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Figure 2.14: Pharmacological inhibition of Src and its effect on HIF2a protein and EPAS1 mRNA
levels.

MDA-MB-231 and PC-9 cells were treated with 20 uM Saracatinib for 24 or 48 hours and cells were
exposed to normoxic (21% O2) or hypoxic (1% Oz2) conditions for 22 hours (n=2). A) Western blots
showing the treatment efficiency and its effect on HIF2a levels (n=2). B) RT-qPCR analysis showing
corresponding mRNA levels relative to HPRT1 (MDA-MB-231) or ACTB (PC-9) (n=2). The data are

presented as mean + SD.
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2.3. Biological consequences of EZH2 knockdown

under chronic hypoxia and clinical significance

2.3.1. HIF2a target genes are downregulated upon EZH2 knockdown
in MDA-MB-231 cells

To determine whether the reduced HIF2a protein levels affect the HIF signaling
pathway, EPAS1 was knocked down in MDA-MB-231 and PC-9 cells using shRNA.
mMRNA levels of HIF1A and several HIF target genes were monitored by quantitative
reverse transcription polymerase chain reaction (RT-qPCR), and HIF1a protein levels

were assessed by western blotting.

In both cell lines, HIF2a protein and EPAS1 mRNA levels were reduced upon EPAS1
knockdown (Fig. 2.15A). In MDA-MB-231 cells, EPAS1 knockdown did not have an
effect on HIF1A and hexokinase 2 (HK2) mRNA levels. Phosphoglycerate kinase 1
(PGK1), glucose transporter type 1 (GLUT1), VEGFA, and PHD3 levels were reduced
(Fig. 2.15B). PGK1 and GLUT1 were considered as the most sensitive responders to
EPAS1 depletion in the MDA-MB-231 experimental setups used, due to their increased
expression under hypoxic conditions and the fact that changes in their mRNA levels

were consistent across experiments.

In PC-9 cells, all potential target genes showed decreased levels upon EPAS1
knockdown, as well as HIF1A. However, the decrease was only large for PHD3. In
addition, PHD3 levels showed a large increase under hypoxic conditions in PC-9 shNsc
cells (Fig. 2.15B). Thus, PHD3 was considered as the most sensitive responder to
EPAS1 depletion in PC-9 cells.

The next step was to analyze whether these HIF2a target genes were downregulated
upon EZH2 knockdown in MDA-MB-231 and PC-9 cells.

In MDA-MB-231 shRNA-mediated knockdown of EZH2 was utilized and both GLUT1
and PGK1 were significantly downregulated upon EZH2 knockdown under normoxia
(p=0.0007, p =0.007, respectively) and hypoxia (p = 0.0004, p = 0.0398, respectively)
(Fig. 2.16A). Both targets were also significantly increased under hypoxic conditions in
shNsc cells (p = 0.0074, p = 0.0007, respectively; data not shown in graph). These
results suggest that EZH2 knockdown affects HIF2a downstream target gene
expression.
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Figure 2.15: Identification of HIF2a target genes.
HIF2a was knocked down with shRNA in MDA-MB-231 (n=2) and PC-9 (n=2) cells, and were exposed

to normoxic (21% O2) or hypoxic (1% O2z) conditions for 48 or 24 hours, respectively. A) Western blots

showing EPAS1 knockdown

efficiency.

RT-gPCR analyses

show corresponding mMRNA

levels relative to HPRT1 (MDA-MB-231) or ACTB (PC-9). B) RT-gPCR analysis of potential HIF2a target

genes. The data are presented as mean = SD. Nsc: non-silencing control.
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In PC-9 cells siRNA-mediated knockdown of EZH2 was utilized and PHD3 was not
downregulated upon EZH2 knockdown (Fig. 2.16B). However, the results were
inconsistent with two experiments showing a small decrease, and the third showing an
almost two-fold increase in PHD3 levels upon EZH2 knockdown under hypoxic
conditions. Further experiments in shNsc and shEZH2 PC-9 cells are therefore
required to conclude about the effect of EZH2 depletion on HIF2a target genes, in

which other potential target genes should also be monitored.
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Figure 2.16: The effect of EZH2 knockdown on HIF2a target genes.

A) RT-gPCR analysis of HIF2a target gene mRNA levels relative to HPRT1 in MDA-MB-231 shNsc and
shEZH2 cells under normoxic (21% O2) or hypoxic (1% Oz2) conditions for 48 hours (n=5). B) RT-qPCR
analysis of HIF2a target mRNA levels relative to ACTB in PC-9 cells transfected with siNsc or siEZH2
for 48 hours under normoxic (21% Oz2) or hypoxic (1% Oz) conditions for 24 hours (n=3). The data are
presented as mean + SD. Statistical significance was determined using a two-tailed paired t-test. ns p >
0.05; * p<0.05; ** p<0.01; * p<0.001; *™** p <0.0001. Nsc: non-silencing control.

2.3.2. EZH2 knockdown affects anchorage-dependent and -
independent growth in PC-9 cells

Next the functional effect of EZH2 knockdown was investigated in PC-9 cells by

monitoring cell growth under anchorage-dependent and -independent conditions.

Cells were kept under normoxic or hypoxic conditions for up to 72 hours starting on
day 2 and cell counts were determined daily as described in section 4.3.1.1. PC-9
shEZH2 cells grew significantly slower compared to the shNsc cells under normoxic
and hypoxic conditions on day 4 (p = 0.0094, p < 0.0001, respectively) (Fig. 2.17A).
On day 5, the growth difference between shEZH2 and shNsc was no longer significant
under normoxic conditions (p = 0.0745). Under hypoxic conditions shEZH2 cells were
still growing slower compared to shNsc cells (p = 0.0028) (Fig. 2.17A). These results
demonstrate that EZH2 affects PC-9 cell growth in vitro, potentially through HIF2a.
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Figure 2.17: Effect of EZH2 knockdown on PC-9 anchorage-dependent and -independent growth.
A) Cell growth curve of PC-9 shNsc and shEZH2 cells over 5 days. Cells were kept under normoxic
(21% O2) or hypoxic (1% Oz) conditions for up to 72 hours starting on day 2. Statistical analysis was
performed on three technical triplicates within one representative experiment. Results were reproduced
in a second independent experiment. B) Representative pictures of the crystal violet stained colonies.
Bars represent 1 mm. C) Log2+1 counts normalized to shNsc 21% O2 (left) and colony size (right) (n=3).
The data are presented as mean + SD. In C, the different color gradients represent the individual
experiments. For A, two-way ANOVA with a Tukey’s post-hoc test was used, and for C, repeated-
measures two-way ANOVA with Sidak’s post-hoc test was used to determine statistical

significance. Nsc: non-silencing control.
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To further study the functional consequences of EZH2 knockdown in PC-9 cells, a soft
agar colony formation assay was performed to assess anchorage-independent growth
capacity, an in vitro surrogate for tumorigenicity (241,242). Figure 2.17B shows

representative images of the colonies.

| quantified both the number and size of the colonies to capture distinct aspects of
tumorigenic potential. The colony count represents the proportion of cells capable of
anchorage-independent growth, whereas colony size (area) reflects the proliferative
capacity of the cells that underwent anchorage-independent growth. The colony count
under normoxic conditions was similar between shEZH2 and shNsc cells (p = 0.5546)
(Fig. 2.17C). In all three experiments, a lower number of colonies were formed upon
EZH2 knockdown under hypoxic conditions, but together the difference was not
significant (p = 0.3639) (Fig. 2.17C). Proliferation was significantly reduced in shEZH2
cells under normoxic conditions (p = 0.0018), but not significantly under hypoxic
conditions (p = 0.1246) (Fig. 2.17D). Together, these results suggest that EZH2
depletion might interfere with the initiation and growth of anchorage-independent

colonies, with HIF2a potentially contributing to colony formation.

2.3.3. HIF2a rescue strongly increases cell growth in EZH2-depleted
PC-9 cells

After uncovering that EZH2 depletion affects cell growth in PC-9 cells, | aimed to
determine whether this effect is HIF2a dependent under hypoxia. Thus, HIF2a was
overexpressed in PC-9 shNsc and shEZH2 cells (Fig. 2.18A).

HIF2a overexpression significantly increased cell growth in both shNsc and shEZH2
cells (p < 0.0001; data not shown in graph). In the control cells, proliferation was
significantly reduced upon EZH2 knockdown (p = 0.0018), supporting earlier cell
growth results. The same was observed in HIF2a overexpressing cells (p = 0.0016)
(Fig. 2.18B). However, when comparing the increase in cell growth between control
and HIF2a overexpression in shNsc and shEZH2 cells, the increase was significantly
greater in shEZH2 cells compared to shNsc cells (p < 0.0001) (Fig 2.18C). Thus, HIF2a
overexpression has a clear impact on cell growth in EZH2 knockdown cells, in which
HIF2a levels are lower. These data suggest that, at least in part, EZH2 affects cell

growth through HIF2a regulation in PC-9 cells.
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Figure 2.18: The effect of HIF2a overexpression on cell growth in control and EZH2-depleted PC-
9 cells.

PC-9 shNsc and shEZH2 cells were transfected with pcDNA3 control (C) or pcDNA3.1 HIF2a WT for 24
hours and kept under hypoxic (1% O:2) conditions for 48 hours. A) Western blot showing the efficiency
of the HIF2a overexpression (OE). B) Cell count 72 hours after the transfection. C) Cell growth fold
change of HIF2a OE or rescue compared to control cells. The data are presented as mean + SD.
Repeated-measures two-way ANOVA with Sidak’s post-hoc test was used on three technical triplicates
within one representative experiment to determine statistical significance. Results were reproduced in a

second independent experiment. ** p < 0.01; **** p < 0.0001.; Nsc: non-silencing control.

2.3.4. Cell invasion is reduced in EZH2-depleted MDA-MB-231 cells

MDA-MB-231 cells are known for their metastatic potential to the brain. Instead of
relying on invasive animal experiments, an ex vivo organotypic brain slice culture
method, as described by Uroz et al. (243), was used to examine the invasion of tumor
cells in a brain microenvironment. A schematic overview of the procedure is shown in
Figure 2.19A. The main readout of this experiment was the measurement of the
invasion depth of tumor cells into the brain tissue based on green fluorescent protein
(GFP) signal of the labeled tumor cells. First, the depths of the baseline (3-hour) and
48-hour time points were determined. Under normoxic conditions, there appeared to
be a small, non-significant, increase in invasion by shEZH2 cells (p = 0.9721), whereas

the trend was reversed under hypoxic conditions (p = 0.8362) (Fig. 2.19B).

Next, | analyzed the difference at the 48-hour time point invasion relative to baseline
from the surface (first clear 4',6-diamidino-2-phenylindole (DAPI) signal) or the first
GFP signal. Under normoxic conditions, there was no significant difference between
shNsc and shEZH2 cells measured from the surface or the first GFP signal (p = 0.9001,
p = 0.4715, respectively). However, shEZH2 cells exhibited a significant decrease in

invasion compared to shNsc cells under hypoxic conditions, as measured both from
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Figure 2.19: The effect of EZH2 knockdown on invasive capacity in MDA-MB-231 cells.
A) A schematic overview of the organotypic brain slice culture procedure. Created with BioRender.com.
B) Invasion depth of MDA-MB-231 shNsc and shEZH2 cells at 3 hours (baseline) (n=4) and 48 hours
(n=5) under normoxic (21% O32) or hypoxic (1% Oz) conditions based on GFP signal from the start of the
tissue surface determined by DAPI signal. C) Net invasion calculated by subtracting the mean 3 hours
depth from the 48 hours depth starting from the tissue surface (left) or the first GFP signal (right). D)
Cell percentage over different depths based on Log2+1 values. The data are presented as mean x SD.
Two-way ANOVA with Sidak’s post-hoc test was used to determine statistical significance. ns > 0.05, **

p < 0.01. The experiments were performed in collaboration with Nazli Salik. Nsc: non-silencing control.
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the surface and from the first GFP signal (p = 0.0068, p = 0.0430, respectively) (Fig.
2.19C).

To further understand this effect, | analyzed the distribution of GFP-positive cells
across tissue depth under hypoxic conditions. While most cells in all conditions
remained at depths between 21 and 100 uym, a small subpopulation of MDA-MB-231
shNsc cells invaded deeper into the tissue (Fig. 2.19D), although no statistical
difference was found (data not shown in graph). This cell population appeared to cause
the increased net invasion observed in shNsc cells. In addition, more 48-hour time
point cells than baseline cells were present near the slice surface. Together these
results suggest that EZH2 contributes to overall invasion capacity under hypoxic

conditions, potentially through the regulation of HIF2a.

2.3.5. High EZH2 and EPAS1 expression is associated with poor
prognosis in breast cancer patients

To explore the clinical relevance of my findings, publicly available RNA sequencing
(RNA-seq) data from breast cancer patients were analyzed using the Kaplan-Meier
Plotter (244). Kaplan-Meier survival curves revealed that high mean expression of
EPAS1-EZH2 was associated with poorer overall survival in breast cancer patients
receiving endocrine treatment but no chemotherapy as shown in Figure 2.20. This
result was reversed in the same patient cohort for mean EPAS1-SUZ12 or EPAS1-
EED expression. No EPAS1-EZH2-specific effect on survival was observed in other
patient cohorts. These results support the notion that EZH2 and HIF2a may cooperate
to promote aggressive tumor behavior under specific cancer settings, consistent with

the previous functional findings.
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Figure 2.20: Kaplan-Meier plots showing the relationship between overall survival and the mean
expression of EPAS1 plus individual PRC2 subunits in breast cancer patients.

The mean expression of EPAS1-EZH2, EPAS1-SUZ12, or EPAS1-EED was used to create the survival
curves of endocrine therapy but no chemotherapy treated breast cancer patients with the Kaplan-Meier

plotter. RNA-seq data from breast cancer patients were used (244). HR: Hazard ratio.
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3. Discussion

EZH2 and HIF2a are critical regulators of cancer progression in multiple tumor types,
including breast and lung cancer. The oncogenic roles of EZH2 involve both its
methyltransferase activity and non-canonical functions, which contribute to increased
cancer cell proliferation and metastatic potential (98,101-106,108,109). Likewise,
HIF2a promotes tumor progression by modulating diverse mechanisms essential for
cancer cell growth and metastasis formation (49,52,192-195,209-212). In this study,

a novel regulatory link between EZH2 and HIF2a was elucidated.

3.1. HIF dynamics and the effect of EZH2 knockdown
on HIFs

3.1.1. Determining the HIF dynamics in MDA-MB-231 and PC-9 cells

The reduction of HIF2a protein levels upon stable shRNA-mediated EZH2 depletion
was originally identified in our laboratory by Sandra Baumgart in MDA-POR cells
subjected to cycling intermittent hypoxia treatment (30 cycles of 48 hours 1% O2 + 48
hours of 21% Oz2, as established by Omelyan Trompak (245)), followed by an additional
48 hours 1% O2 treatment. MDA-POR cells are derivatives of MDA-MB-231 cells that
were generated in our laboratory and extensively characterized. POR (pLenti6-CMVp-
ODD/FLuc-SV40p-RLuc) is a plasmid encoding a hypoxia-responsive reporter protein
consisting of a fusion of firefly luciferase and HIF2a-ODD, expressed under the control
of a CMV promoter, as well as a hypoxia non-responsive Renilla luciferase control
protein expressed under the control of an SV40 promoter (245,246). MDA-MB-231
cells were transduced with viruses containing this plasmid and a single-cell clone was
picked. The resulting MDA-POR cells were then subjected to cycling intermittent
hypoxia treatment. To rule out the possibility that EZH2-dependent changes in HIF2a
levels depend on cycling intermittent hypoxia treatment, also untreated MDA-POR
cells were examined by Isabel Schroter in our laboratory (247). The results of this work
showed that depletion of EZH2 reproducibly leads to reduced HIF2a protein levels and
EPAS1 mRNA levels in MDA-POR cells kept under hypoxic conditions for 48 hours,
regardless of prior cycling intermittent hypoxia treatment, while HIF1a protein and
HIF1A mRNA levels are not reproducibly affected under the same condition. The
results obtained in the same study in A549 lung adenocarcinoma and G55
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glioblastoma cells were less clear with regard to the HIF2a-specific effects of EZH2
depletion. In G55 cells, a reduction in HIF1a protein levels was observed, while HIF1A
mMRNA levels fluctuated in the individual experiments. The reduction in EPAS1 mRNA
levels following EZH2 knockdown was less consistent in G55 cells than in MDA-POR
cells, although a reduction in HIF2a protein levels was observed in the same
experiments under hypoxia. In A549 cells, HIF1a protein levels showed fluctuations in
individual experiments, HIF1A mRNA was unchanged, while HIF2a protein and EPAS1

mMRNA levels were mildly reduced after a lower-efficiency EZH2 knockdown.

Taken together, the initial observations regarding specific HIF2a protein and EPAS1
mRNA regulation were made in the shEZH2 and shNsc derivatives of a single cell
clone from the MDA-POR cell line, which could behave differently from the MDA-MB-
231 parental cells (248). Furthermore, hypoxia treatment was limited to a setting of 1%
Oz for 48 hours in these experiments. One issue with hypoxia research is that there is
no consensus on what constitutes acute versus chronic hypoxia in terms of timing.
Some describe only a few hours as chronic hypoxia, whereas others consider more
than 48 hours as chronic hypoxia (249,250).

It is well established that a time-dependent HIF switch occurs, where HIF1a
predominates during the acute phase and HIF2a during the chronic phase of hypoxia
(37). Since a hypoxia time-course experiment had not been performed in any derivative
of the MDA-MB-231 cell line, the kinetic changes of HIF protein and mRNA levels were
unknown. Thus, | determined the HIF dynamics in the MDA-MB-231 TNBC and PC-9
lung adenocarcinoma cell lines. The cell lines were selected based on initial tests of
the effect of EZH2 depletion on HIF2a. These initial findings were considerably
expanded later, as described in section 2.1.2 and discussed further in section 3.1.2.
The aim was to find out which time-points were most suitable, especially since we did
not know whether HIF1a, the acute hypoxia responder, could also be affected by EZH2

knockdown, and when and how long HIF2a levels peak in these cell lines.

As shown in Figure 2.1, there are marked differences in HIF dynamics between the
two cell lines. Even though the particular setup shown in Figure 2.1 was only performed
once, several other time-point experiments were performed in MDA-MB-231 shNsc
and PC-9 shNsc cells, all showing similar results except for some small variations in
HIF1a. Clearly increased HIF2a levels were detectable in parental MDA-MB-231 and
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shNsc cells under hypoxic conditions for 24 and 48 hours, and in PC-9 cells for 24

hours. Generally, the changes in HIF1a levels showed a decline after 8 hours.

When comparing the cell lines, HIF2a levels were found to be less responsive to 1%
Oz treatment in MDA-MB-231 cells compared to PC-9 cells time wise. However, HIF2a
levels decreased earlier in PC-9 cells than MDA-MB-231 cells. This difference in
kinetics between the cell lines complicates the distinction between acute and chronic

hypoxia. However, in both cell lines the HIF switch was observed.

Based on these findings, subsequent experiments involving 1% O, treatment were
standardized as follows: MDA-MB-231 cells were generally exposed to hypoxia for 24
or 48 hours, while PC-9 cells were treated for 24 hours for regulatory experiments.
Throughout this study, hypoxia treatment lasting 24 hours or longer is defined as
chronic hypoxia, since HIF1a levels had decreased significantly in both key cell lines

by this time point.

Another noteworthy observation across all hypoxia experiments was the induction of
the repressive histone modification H3K27me3 under hypoxic conditions. Additionally,
in glioblastoma tissue, our lab observed high H3K27me3 levels within hypoxic or
necrotic tumor regions, whereas the active H3K4me3 mark was present on the outside
of the H3K27me3-enriched and hypoxic zones (data not shown). These findings
support previous reports describing global transcriptional repression under hypoxia
and underscore the broader impact of oxygen deprivation on the epigenetic landscape
(75,76,78).

3.1.2. Validating the effects of EZH2 knockdown on HIF2a protein and

EPAS1 mRNA levels in MDA-MB-231 and other cell lines
After defining the hypoxia time-point in MDA-MB-231 and PC-9 parental cells, the next

aim was to thoroughly validate the preliminary findings. For this, the results obtained
using a single shRNA against EZH2 were validated by various ways of EZH2 depletion
using other shRNAs, siRNAs, and single guide RNAs (sgRNAs) (CRISPR/Cas9), all
well-established and widely used genetic inactivation tools in molecular cell biology

research.

ShRNAs were used in lentiviral constructs for stable knockdowns, whereas siRNAs

were used for transient-transfection-based knockdowns. Both small non-coding RNA
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types function by forming a complex with RNA-induced silencing complex, leading to
degradation of the targeted mRNA (251). In contrast, sgRNAs in combination with
CRISPR/Cas9 induce double-strand breaks in DNA, activating repair pathways that
often result in frameshift mutations (252,253). These mutations typically generate

premature stop codons, preventing the production of functional proteins (252,253).

The efficiency of shRNA knockdown depends on the proportion of cells that express
the short hairpin RNA and on the level of expression, while siRNA efficiency depends
on delivery and cellular uptake (251). SgRNA-mediated knockout is generally very
efficient, but often not 100% complete (254). In this study, three sgRNAs were
designed to target EZH2. Two of them efficiently knocked out EZH2 and reduced global
H3K27me3 levels (data not shown). However, HIF2a protein and EPAS1 mRNA levels
were not affected (data not shown). This could have been caused by cellular
mechanisms such as translation reinitiation or alternative splicing (e.g., exon skipping)
which enable the expression of a truncated or mutated protein (255). Both effective
sgRNAs target regions are close to the EZH2 RT-qPCR primer binding sites and the
antibody epitope site used for detection. These sites are downstream of the TAD
domain of the EZH2 protein and the TAD domain encoding region of the EZH2 mRNA.
It is therefore possible that a truncated EZH2 protein containing the TAD domain is
expressed in sgRNA-targeted cells, which may not be detected by RT-gPCR or
western blot, but could still regulate EPAS1/HIF2a transcription if the TAD or other

remaining domains are required for this regulatory axis.

Also, six shRNAs targeting EZH2 were tested by transient transfection in HEK293T
cells by Sarah Goos. The two most efficient shRNAs targeting EZH2 were used in a
stable knockdown setup in this study, as shown in Figure 2.2. Both shRNAs targeting
EZH2 resulted in a HIF2a decrease at the protein and EPAS1 mRNA level in parental
MDA-MB-231 cells, of the two shRNAs, #2 gave the most stable results. These results
confirm that the previously identified EZH2-HIF2a regulatory axis is not dependent on
the clonal selection of the MDA-POR cells and/or cycled intermittent hypoxia. In
contrast, HIF1a protein levels were not reproducibly affected by EZH2 depletion. At the
mMRNA level, HIF1A expression was reduced in shEZH2 #1 cells but not in shEZH2 #2

cells.

Preliminary experiments in our laboratory also addressed the potential role of EZH2 in
regulating HIF2a protein stability in addition to controlling the EPAS1 mRNA levels.
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These experiments included testing the effect of EZH2 knockdown on 1)
overexpressed HIF2a levels in MDA-POR cells (by Isabel Schréter; data not shown),
2) the effect of proteasomal degradation inhibition on HIF2a levels (partially by Isabel
Schroter; data not shown), 3) POR luciferase activity (by Isabel Schroter; data not
shown) (247), and 4) PHD1-3 protein levels in MDA-MB-231 cells (data not shown).
These experiments did not support a role of EZH2 as a stabilizer of HIF2a directly or

through regulating PHDs.

Furthermore, the effect of shRNA-mediated knockdown of EZH2 on HIF2a was also
validated in PC-9 cells as shown in Figure 2.2. EZH2 knockdown resulted in decreased
HIF2a protein levels, while the effect on EPAS1 mRNA showed a trend toward
reduction but was inconsistent between biological replicates. Moreover, shEZH2 #1
gave different results compared to shEZH2 #2, and its performance differed from that
in MDA-MB-231 cells, experiments with shEZH2 #1 were therefore discontinued.
Besides shEZH1 #1 not working well, performing RT-qPCR in PC-9 cells was less
reliable because of larger variability in the housekeeping genes hypoxanthine
phosphoribosyltransferase 1 (HPRT1) and actin beta (ACTB) (gene encoding B-actin)

between the different conditions within one experiment.

After establishing that shRNA-mediated EZH2 knockdown reduces HIF2a levels in
both MDA-MB-231 and PC-9 cells, | next sought to confirm that the observed effect on
HIF2a was not specific to the particular shRNA constructs. Thus, | have selected two
siRNAs targeting EZH2, which were previously reported to efficiently deplete EZH2
(127). In my experiments only one of these two siRNAs knocked down EZH2 efficiently.
Figure 2.3A,B shows that this siRNA caused a clear decrease in HIF2a protein and
EPAS1 mRNA levels under both normoxic and hypoxic conditions in PC-9 cells,
suggesting that regulation also occurs at the mRNA level in PC-9 cells, similar to
shEZH2-manipulated MDA-MB-231 cells. When using siRNA-mediated depletion in
MDA-MB-231 cells, a clear decrease in HIF2a protein level was observed. The
decrease in EPAS1 mRNA levels was small but significant under normoxic conditions,
whereas no clear decrease was found under hypoxic conditions (Fig. 2.3A,B).
However, four days after sSiEZH2 washout, EZH2 levels were still low and HIF2a clearly
decreased in two out of three experiments (Fig. 2.7A), suggesting that there might be
a delayed response to EZH2 depletion in MDA-MB-231 cells. However, since HIF2a
protein levels were already reduced, this could also suggest a negative feedback loop.

60



Though negative feedback loops have been described for HIF1a (256), no

transcriptional feedback loops are currently known for HIF2a.

Following the initial analysis in the MDA-MB-231 and PC-9 cell lines, the effect of EZH2
knockdown on HIF2a levels was also examined in additional breast and lung cancer

cell lines, as well as in glioblastoma cell lines.

To initially characterize additional cell lines | performed a comparison study of PRC2
subunits in several breast cancer and lung cancer cell lines available in the lab, similar
to the approach applied by Yu et al. They reported, based on RNA-seq data from The
Cancer Genome Atlas, that EZHZ2, but not EZH1, EED, or SUZ12, is highly upregulated
in TNBC samples compared to non-TNBC samples (257). They also found that EZH2
protein and mRNA levels are higher in the TNBC cell lines MDA-MB-231, MDA-MB-
436, and MDA-MB-453 compared to the non-TNBC cell lines SKBR3, MDA-MB-361,
BT-474, and MCF-7 (257). Thus, | have tested the cell lines available in the lab,
including the TNBC cell lines MDA-MB-231, MDA-MB-157, and BT-549, and the non-
TNBC cell line and MCF-7. The TNBC cell lines MDA-MB-157 and BT-549 and the
non-TNBC cell line MCF-7 had lower EZH2, EED, and SUZ12 levels than MDA-MB-
231, but | have not detected specific differences in PRC2 subunit levels between these
TNBC and non-TNBC cell lines (data not shown). EZH2 was knocked down in these
cell lines, but HIF2a levels were not downregulated in BT-549 and MCF-7 cells as
shown in Figure 2.4. Only in MDA-MB-157 cells did EPAS1 mRNA appear decreased
in EZH2 knockdown cells, but the difference at the protein level was minor, and HIF2a
levels were not responsive to hypoxia treatment. Therefore, this cell line was excluded
from further experiments (Fig. 2.4). EZH2 was additionally depleted in the non-TNBC
cell line MDA-MB-361, in which no effect on HIF2a levels was observed (Fig. 2.4).

The lung adenocarcinoma cell lines A549, H2030, and H441 were also included in the
cell line comparison experiments. The A549 cell line initially showed a potential EZH2-
HIF2a regulatory axis in experiments performed by Isabel Schoéter (247), and the
EZH2, EED, and SUZ12 protein levels were similar to the levels in MDA-MB-231 cells
(data not shown), but validation experiments did not find a clearly and reproducibly
detectable reduction of HIF2a protein and EPAS1 mRNA levels after stable shRNA-
mediated EZH2 depletion. It is worth emphasizing that EZH2 knockdown was also less
efficient in this cell line compared to other cell lines even after boosting the knockdown
(Fig. 2.5). The H2030 cell line was included in the study because it has a matching
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brain metastatic derivative, H2030-BM, and Zhang et al. reported higher EZH2
expression at the mRNA and protein level in BM samples compared to primary tumors
of breast, lung, and melanoma in both patient cohorts and animal experiments (106).
In addition, You et al. found that HIF2a protein and EPAS1 mRNA levels are increased
in BM samples compared to primary lung cancer and melanoma patient samples (210).
Moreover, RNA-seq data (GSE183862) showed increased EPAS1 levels in MDA-MB-
231-BM cells compared to MDA-MB-231 cells (258). These outcomes suggest that the
EZH2-HIF2a regulatory axis might be stronger in BM cells. However, | found similar
levels of EZH2 in MDA-MB-231 wildtype and BM cells, while HIF2a levels were lower
in MDA-MB-231-MB cells under hypoxic conditions. In H2030 cells, EZHZ2 levels were
increased in BM cells, but HIF2a levels were also decreased in H2030-BM cells
compared to H2030 wildtype cells under hypoxic conditions (data not shown). Thus,
the regulation of HIF2a by EZH2 was not further investigated in matched non-BM and
BM cell lines. Additionally, the expression of all analyzed PRC2 subunits in H2030 cells
were lower than in MDA-MB-231 cells (data not shown), and no effect of EZH2
knockdown on HIF2a levels was observed in the parental cell line (Fig. 2.5). The H441
cell line was selected based on EZH2 and EPAS1 expression data from the DepMap
Data Explorer (259), which indicated similarities to MDA-MB-231. Levels of PRC2
subunits were also closer to those in MDA-MB-231 compared with other cell lines (data
not shown). However, EZH2 knockdown did not reduce HIF2a levels in H441 cells (Fig.
2.5).

The identification of the lung cancer cell line PC-9 as a model system for investigating
EZH2-dependent HIF2a regulation was accidental. Cell authentication of a
morphologically suspicious culture, which suggested cross-contamination, identified
PC-9 cells mixed with MDA-MB-231 cells in a cell population that had been transduced
with shNsc- and shEZH2-expressing lentiviruses and exhibited EZH2-dependent
HIF2a regulation. Comprehensive analysis of EZH2 depletion in authenticated PC-9
cells compared to authenticated MDA-MB-231 cells confirmed that, although
differences in HIF kinetics and the extent of HIF2a regulation are detectable when
using the same shRNA or siRNA, the key findings regarding EZH2-dependent HIF2a

regulation in these breast and lung cancer cell models are highly consistent.

The effect of EZH2 knockdown on HIF2a regulation was also studied in G55 and U87
glioblastoma cell lines as shown in Figure 2.6. Experiments performed by Isabel
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Schroéter were not conclusive regarding EZH2-dependent HIF2a regulation in G55 cells
as summarized in section 3.1.1. My experiments in G55 cells and additional analyses
in the widely used U87 glioblastoma cells showed no detectable reduction in HIF2a

levels upon shRNA-mediated stable EZH2 knockdown under the conditions used.

These results suggest that the regulation of HIF2a by EZH2 is context specific and
cannot be attributed to a particular cancer type or subtype in the analyzed cellular
model systems of cancer. Since data on EZH2 knockdown in healthy mammary and
prostate epithelial cells also show a reduction in EPAS1 mRNA levels (231) (Fig. 2.3C),
EZH2-dependent HIF2a regulation could also be considered in non-cancerous
biological contexts. It would be important to further investigate and precisely determine
the cellular conditions under which EZH2-dependent HIF2a regulation occurs, as
demonstrated here in MDA-MB-231, PC-9 cells, and detected by others in non-

transformed mammary and prostate epithelial cells.

3.1.3. Restoring EZH2 and its effect on EPAS1 mRNA levels

To test whether HIF2a levels could be restored upon EZH2 rescue, transient
transfections were performed using pcDNA6.2 constructs encoding shRNA-resistant
wildtype EZH2, a catalytically inactive mutant (F672l), or a catalytically hyperactive
mutant (Y646F) (generated in collaboration with Nadja Ritschel). While EZH2 levels
were restored upon transfection, H3K27me3 and HIF2a levels were not rescued in
MDA-MB-231 shEZH2 cells. Only the hyperactive mutant plasmid was able to partially
restore H3K27me3 levels (data not shown). To rule out potential issues with the level
and transient nature of overexpression, | generated pLenti6 plasmids containing the
same EZH2 cDNA constructs and established stable cell lines in shNsc and shEZH2
MDA-POR, as well as in the parental MDA-MB-231 background. However, in these
stable cell lines the rescue was also not functional (data not shown). We then
questioned whether or not the exogenously expressed EZH2 was present in the
nucleus. Immunofluorescence staining revealed that rescued EZH2 was indeed
present in the nucleus of shEZH2 MDA-MB-231 cells, ruling out a localization defect
(data not shown). Another possibility for the inactivity of the EZH2 rescue plasmid was
the location of the V5 tag. In my construct, the V5 tag was present at the C-terminus,
whereas most commercially available EZH2 plasmids carry a tag in the N-terminus,
which could affect protein folding and potentially result in an inactive protein. To test

this possibility, | removed the V5 tag, but this did not restore the function of the EZH2
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rescue plasmid (data not shown). A further possible explanation for the inactivity of the
plasmid is that it encodes EZH2 isoform A, which contains 751 amino acids, whereas
the canonical isoform C contains 746 amino acids (84,260). The additional amino
acids, along with a single change in isoform A, are located in exon 7/8 near the SANT1
and TAD domains (96). While direct evidence is lacking, these extra residues could

potentially affect EZH2 function.

An attempt was also made to generate shNsc and shEZH2 cell lines with a pTRIPZ
backbone, which enables inducible shRNA expression in the presence of doxycycline
and restoration of EZH2 levels after doxycycline removal. However, the HEK293T cells
used for virus production did not tolerate the construct, and the pTRIPZ-based
approach could not be pursued further. Thus, optimization of the virus production
protocol would be needed when considering this experimental setup in future

investigations.

Since all previous rescue strategies were unsuccessful, a siEZH2 washout experiment
was designed and performed as shown in Figure 2.7. EZH2 levels recovered slowly
after transient transfection, with the first full restoration observed on day 15. This
recovery was accompanied by increased HIF2a levels in both MDA-MB-231 and PC-
9 cells, suggesting that restoring EZH2 levels rescues EPAS1 mRNA levels, which is
consistent with the other observations pointing to the EZH2-dependent HIF2a

regulation.

It is worth mentioning that this experimental setup had some technical limitations. Cell
growth rate was generally very slow in both cell lines transfected with siEZH2. As a
result, there were no day 8 results for PC-9 cells, since all dishes seeded on day 4
were needed for subsequent passages. Only from day 11 to day 15 did cell growth
rates begin to approach those of siNsc cells. Also, given the extended timeframe and
the stress and slow growth after siRNA transfection, it was not practical to keep the
cells in the hypoxia chamber for comparative normoxia versus hypoxia analyses.
Consequently, all experiments were conducted under normoxic conditions. Due to the
limited number of samples that could be collected without significantly increasing costs,
the higher sensitivity of the RT-qPCR assay compared to immunoblot analyses, and
the fact that our previous results suggested regulation at the EPAS1 mRNA level,
protein samples were not collected in the siEZH2 washout experiments. Future
experiments using large initial cell populations could overcome these limitations.
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However, efficient sSiRNA-mediated EZH2 knockdown may require optimization if the

experiment were to be scaled up.

3.2. Mechanisms of HIF2a regulation by EZH2

3.2.1. Determining the role of the PRC2 and EZH2's

methyltransferase function in the regulation of HIF2a

After demonstrating EZH2-dependent HIF2a regulation in a breast and a lung cancer
cell line, and that restored EZH2 levels rescued EPAS1 mRNA expression, the next
aim was to determine how EZH2 regulates HIF2a. As shown in Figure 1.4, EZH2 can
act via interacting with proteins, mMRNA, or DNA, and, as illustrated in Figure 1.5, HIF2a
is regulated at all of these levels. This provides a wide range of possible mechanisms
through which EZH2 could control HIF2a levels.

The first aim was to determine if the PRC2-dependent canonical repressor function of
EZH2 is responsible for HIF2a regulation. For this purpose, two of the PRC2 subunits
were knocked down: SUZ12 and EED. As shown in Figure 2.8, the knockdowns of
these PRC2 subunits did not affect HIF2a protein and EPAS1 mRNA levels, while they
reduced H3K27me3 levels comparable to EZH2 knockdown. Thus, EZH2 does not
require an intact canonical PRC2 complex and H3K27 tri-methylation for HIF2a
regulation. Nevertheless, the EZH2-HIF2a regulatory axis could still depend on EZH2’s
methyltransferase activity, as shown previously for EZH2-dependent STAT3 and (-
catenin activation (122,123,261).

To address the possible requirement of EZH2’s methyltransferase activity in HIF2a
regulation, | used the widely applied EZH2 inhibitor GSK126, which blocks the SAM
binding site in the SET domain of EZH2 but not EZH1 (121,147). The concentrations
and timing of GSK126 were optimized in MDA-POR, G55, and A549 cells by Isabel
Schroter (247) and adjusted in this study for parental MDA-MB-231 and PC-9 cells.
While H3K27me3 steadily decreased with the increasing GSK126 concentrations,
HIF2a protein levels remained largely stable, with only a minor decrease observed in
some experiments at 1 yM GSK126. EPAS1 mRNA was also not decreased upon
GSK126 treatment.
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These results showed that EZH2 does not require the PRC2 or its methyltransferase

activity for HIF2a regulation.

3.2.2. Elucidating the role of EZH1 on EZH2-dependent regulation of

HIF2a

A facultative subunit of the PRC2 is EZH1, the paralog of EZH2 that can replace EZH2
in the PRC2. They form the mutually exclusive PRC2:EZH1 and PRC2:EZH2
complexes that share in their core the EED, SUZ12 and RBBP4/7 subunits. Even
though EZH1 and EZH2 and thus PRC2:EZH1 and PRC2:EZH2 are structurally
similar, their regulation and functional roles differ. Regulation wise, EZH1 is
ubiquitously expressed and more abundant in quiescent cells, whereas EZH2
expression is associated with proliferative states. Functionally, EZH2 possesses
stronger methyltransferase activity than EZH1 and requires PRC1 for chromatin
compaction (233). In contrast, EZH1 relies less on its methyltransferase activity and
can form PRC2:EZH1 homodimers that directly compact chromatin without PRC1
(233,262). Unlike EZH2, EZH1 is not commonly linked to cancer progression, although
gain-of-function mutations have been identified in autonomous thyroid adenomas
(263). Similar to EZH2, non-canonical functions have been reported for EZH1. For
example, EZH1 was found to be involved in the upregulation of Notch signaling, like
EZH2, in muscle cells (264). EZH1 knockout resulted in decreased protein levels of
the Notch target gene Hes1. Moreover, ChIP-qPCR analyses showed that EZH1 binds
to the promotor regions of NOTCH3, and Notch target genes HES1 and HEY1,
independent of its methyltransferase activity (264). In such a scenario, the activity of
the protein could be mediated by its TAD domain, which was originally described by
Jiao et al. (96). However, these ChIP-gPCR results were presented as fold enrichment
without accounting for input chromatin, and no negative control locus was included
(265). The absence of such controls weakens the conclusions. Nonetheless, the
findings suggest an activator function for EZH1. In addition to regulating Notch
signaling, EZH1 has also been reported to be involved in transcriptional elongation
(266), which will be discussed later.

Given the close relationship of EZH1 to EZH2, | aimed to determine whether EZH1
contributes to EZH2-dependent HIF2a regulation. The first step was to examine EZH1
levels upon EZH2 knockdown in MDA-MB-231 cells. Figure 2.10A shows a clear

increase in EZH1 levels upon EZH2 knockdown, raising the possibility that EZH1 might
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replace EZH2 in the PRC2 and PRC2:EZH1 could act as a repressor of HIF2a. This
repressor activity would also require the EED and SUZ12 subunits. However, as shown
previously, EED and SUZ12 were not required for regulation of HIF2a protein or
EPAS1 mRNA levels.

Nonetheless, to rule out the function of EZH1 as repressor of HIF2a in EZH2-depleted
cells, MDA-MB-231 shNsc and shEZH2 cells were transfected with siNsc or siEZH1.
The results showed that HIF2a protein levels were not increased in shEZH2 + siEZH1
cells (Fig. 2.10B), suggesting that EZH1 is not responsible for the EZH2-dependent
decrease of HIF2a protein levels. Unexpectedly, EPAS1 mRNA levels decreased upon
EZH1 knockdown, whereas EZH2 mRNA levels were unaffected, and a less

pronounced reduction in HIF1A mRNA was also detected as shown in Figure 2.10C.

These results contradict the idea that EZH1 mediates HIF2a repression. If this were
the case, EZH1 knockdown would be expected to increase HIF2a protein and EPAS1
MRNA levels. Instead, EPAS1 mRNA levels decreased, indicating that EZH2 does not
regulate HIF2a through EZH1.

3.2.3. Determining the role of Notch1 in the EZH2-dependent

regulation of HIF2a
Both EZH2 and HIF2a are linked to Notch signaling, either by regulating it or being

regulated by it. EZH2 has been shown to regulate Notch signaling in different ways:

e |t regulates microRNAs that affect Notch signaling (267,268),
e |t binds to the promotor of NOTCH1 and induces its transcription (130,131),
e It activates Notch signaling indirectly by activating STAT3 (269).

Hu et al. described HIF2a as a Notch signaling repressor by binding to the NICD (270).
Conversely, Mutvei et al., reported that HIF2a is regulated by Notch at transcriptional
level, however they could not detect direct binding of the canonical Notch signaling
mediator RBPJ to the EPAS1 promoter using ChiP-seq in MDA-MB-231 cells (236).
They also found that HIF2a was required for the transcription of several Notch target
genes (236), contradicting the findings from Hu et al. (270). Moreover, a research
group at JLU did observe direct binding of RBPJ at the EPAS1 promoter, leading to
the hypothesis that EZH2 could regulate EPAS1 through or with Notch.
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Gonzalez et al. identified NOTCH1 as a target gene of EZH2’s methyltransferase-
independent function in MDA-MB-231 cells, as previously mentioned (130). They also
reported a reduction in Notch pathway genes in the breast cancer cell line SUM149
upon EZH2 knockdown and an induction in NICD upon EZH2 overexpression in
MCF10 and MDA-MB-231 cells. To test if | could reproduce the NOTCH1 dependency
on EZH2, mRNA levels were measured in MDA-MB-231 cells. Figure 2.11A shows that
NOTCH1 mRNA levels do not depend on EZH2, therefore EZH2 does not regulate
HIF2a through NOTCH1 gene regulation.

The next aim was to investigate the dependency of HIF2a on Notch signaling as a
possible co-regulator for EZH2. To test this, MDA-MB-231 shNsc and shEZH2 cells
were treated with the Notch signaling inhibitor DAPT, but no clear reduction was
observed in HIF2a at the protein and EPAS1 mRNA levels (Fig. 2.11B). Thus, HIF2a
regulation is not dependent on Notch signaling. NICD overexpression was performed
to further test whether Notch functions as a co-regulator for EZH2, but it did not alter
HIF2a protein levels, supporting the previous findings (Fig. 2.11C). However, this
experiment was performed only once, and excessive NICD expression may have had
adverse effects on cellular signaling pathways (271). Overall, these experiments
suggest that EZH2-dependent regulation of HIF2a does not occur through or together

with Notch as a co-regulator.

In addition to Notch, previously identified co-regulators of EPAS1, including RelA,
RelB, and NFkB, were considered. However, ChiP-seq data from Dardis et al. did not
detect binding of any of these factors to the EPAS1 promoter in MDA-MB-231 cells
(GSE223959) (128). Other potential co-regulators include c-Myc and N-Myc (60, 94,
95), which have been shown to be stabilized by EZH2 in neuroblastoma and small cell
carcinoma (72). Additionally, links between c-Myc and HIF2a have been reported, with
evidence suggesting that HIF2a can influence c-Myc regulation (272—-275). Moreover,
Das et al. found direct binding of c-Myc to the EPAS1 promoter in a T-cell lymphoma
model expressing stem cell antigen 1 (219). Based on this, EZH2 could potentially
regulate EPAS1 through or together with c-Myc. However, c-Myc levels were not
reduced upon EZH2 knockdown in MDA-MB-231 cells (data not shown), ruling out that
EZH2 regulates EPAS1 through c-Myc, though a co-regulatory function remains
possible. Unfortunately, multiple attempts by myself and colleagues to perform c-Myc
ChIP experiments yielded very low % input levels, which were considered background
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noise even at positive control loci. Consequently, further optimization of the c-Myc ChIP
protocol would be necessary to investigate this hypothesis more thoroughly in the
future. Another possible co-regulator future research could focus on is E2F1, which is
a target gene of EZH2’s transcriptional activator function and has been shown to
cooperate with EZH2 to induce the transcription of its target genes (136,137).
Furthermore, Monitz et al. found direct binding of E2F1 to the EPAS1 promoter at two
sites (-1218 bp and —2447 bp) in Hela cells (217), making it a plausible co-regulator.

3.2.4. Elucidating if EZH2 affects EPAS1 elongation

EZH1 has been shown to be involved in the regulation of transcriptional elongation.
Mousavi et al. showed that EZH1 can co-occupy many genes with SUZ12 and interact
with RNA Pol Il (266). Upon EZH1 depletion, binding of elongating RNA Pol Il (pS2)
and the elongation marker H3K36me3 were reduced in C2C12 myocytes (266),
indicating a direct effect of EZH1 on transcriptional elongation. EZH2 has also been
implicated in transcriptional elongation, through indirectly affecting RNA Pol I

transcription under heat shock responses (239).

We thus hypothesized that EZH2 could affect transcriptional elongation at the EPAS1
gene. To test this, four loci ranging from the EPAS1 TSS to approximately 28 kb
downstream were assessed for RNA Pol |l binding in MDA-MB-231 shNsc and shEZH2
cells using ChIP-gPCR. The signal at all loci was above the background (IgG) in both
shNsc and shEZH2 cells, suggesting there was actual binding as shown in Figure
2.12B. The binding ratio relative to the TSS was similar between shNsc and shEZH2
cells (Fig. 2.12C). If EZH2 promoted elongation, this ratio would have been reduced in
shEZH2 cells. Therefore, these results indicate that EZH2 likely does not affect

transcriptional elongation of EPAS1.

Interestingly, RNA Pol Il binding at the TSS was lower in shEZH2 cells compared to
shNsc cells, suggesting that EZH2 may play a role in the initiation or early stages of
EPAS1 transcription. One important limitation is that a pS2-specific RNA Pol Il antibody
that recognizes the serine 2-phosphorylated form of the carboxy-terminal domain of
the largest subunit of RNA Pol Il was not used. This modification marks transcriptional
elongation (276). A ChlIP experiment investigating this mark could have improved the

RNA Pol Il transcriptional elongation analyses.
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3.2.5. Determining direct regulation of EPAS1 by EZH2
After determining that HIF2a is regulated by EZH2 at the mRNA level independent of

its methyltransferase activity, not through EZH1 and Notch signaling, and most likely
not by affecting elongation, the question remained open as to whether the regulation
takes place at the transcriptional or post-transcriptional level. Thus, | next investigated
the direct binding of EZH2 to the EPAS1 gene. Studies investigating the regulation of
HIF2a have largely focused on protein stability, while post-transcriptional mechanisms
involving the iron-responsive element in the 5’UTR of EPAS1 mRNA have also been
uncovered in mechanistic detail as discussed in section 1.1.2 and 1.4, respectively.

However, transcriptional regulation of the EPAS1 gene remains less well understood.

For studying the direct binding of EZH2 to EPAS1, | designed primers based on EPAS1
promoter sequence information from Kristan et al. (218) and ENCODE ChlIP-seq and
ReMap data of EZH2-EPAS1 binding in the UCSC Genome Browser (277). Most of
the 65 designed primer pairs were based on these data. The Kim et al. paper focusing
on AR transcriptional regulation, reported EZH2 binding 1.4 kb-1.7 kb downstream of
the TSS of the AR gene. They also transfected HEK293 cells with different regions of
the AR promoter and found that EZH2 bound 1.2 kb-1.6 kb downstream of the TSS.
ChIP-seq and ChIP-gPCR was used for the analysis of the endogenous AR locus,
while the analysis of the transfected AR promoter fragments was performed by ChIP-
gPCR and a luciferase reporter assay. In the reporter assays, they found that
overexpression of EZH2 activated the reporter with the 1.7-2.5 kb AR region, but not
the one with the 1.1-1.7 kb AR region (132). Together, these data showed that EZH2
acts far downstream of the promoter in AR gene regulation. Based on these findings,
primers hybridizing in a similar distance to the TSS of the EPAS1 gene were also
designed. The four final primer pairs were selected based on distance/distribution

parameters and primer efficiency measurements (data not shown).

To comprehensively control the ChIP-gPCR assay, a negative locus was included to
ensure binding specificity, and positive control loci were included to confirm assay

efficiency. The following controls for EZH2 and H3K27me3 were chosen:

e RPL30 was selected as a negative control for EZH2 and H3K27me3 because
this housekeeping gene is stably and constitutively expressed and efficiently

working primer pairs were reported in the literature (278,279),
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e MYT1 is an EZH2 target gene and commonly used as a positive control for
H3K27me3 and EZH2 (101,280-282),
e NOTCH1 was chosen as an EZH2 positive control and H3K27me3 negative

control based on the results and locus region provided by Gonzalez et al. (130).

Additional potential controls and EZH2 antibodies were tested, but the selected ones

produced the most consistent results.

As an additional control for EZH2-specific regulation of EPAS1, an EED antibody was
tested. However, EED unexpectedly bound to NOTCH1 (a negative control locus), and
its binding was not consistently reduced in MDA-MB-231 shEED cells, indicating that
the ChIP results obtained with this antibody are unreliable. EZH2 binding to EPAS1
was also assessed in shEED cells, and overall, EED knockdown had no clear effect
on EZH2 occupancy at EPAS1 locus #4, suggesting that EZH2 binding to EPAS1 is
largely independent of EED, as expected (data not shown). Extensive optimization of
ChIP procedures by myself and colleagues ultimately produced a robust method for
EZH2, RNA Pol Il, H3K27me3, and H3K4me3 ChlIP.

Figure 2.13B shows that EZH2 binding at locus #4 was clearly detectable, whereas
H3K27me3 binding was absent in shNsc MDA-MB-231 cells. This indicates that EZH2
regulates EPAS1 by directly binding to this region. The presence of the active
chromatin mark H3K4me3 at locus #4, with levels comparable to the active gene
controls RPL30 and NOTCHA1, further supports this conclusion. Additional evidence
comes from ChlP-seq data from Dardis et al. (GSE223959), showing EZH2 occupancy
at EPAS1 spanning locus #4 (128) (Fig. 2.13C). Together, these data suggest that
EZH2 binds approximately 1.7 kb downstream of the TSS and directly regulates
EPAS1 transcription. However, EZH2 has many different roles and can regulate the
same gene or protein in different ways, it is therefore well possible that this direct

binding is not the only way EPAS1 is regulated by EZH2.

3.2.6. The effect of Src inhibition on HIF2a regulation

Posttranslational modifications, particularly phosphorylation, have been reported to
induce functional switches in EZH2 (283). The most well-known example is Akt-
mediated phosphorylation of S21, which alters EZH2’s substrate preference from
histones to other targets while still requiring its methyltransferase activity

(118,119,133). In breast cancer, the only study demonstrating an EZH2 switch from a
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methyltransferase to a transcriptional activator independent of its methyltransferase
function was reported by Zhang et al. (106). They found that Src-mediated
phosphorylation of Y696 was responsible for the transcriptional activator function of
EZH2 for c-JUN in MDA-MB-231 cells (106). This observation led to the hypothesis
that phosphorylation at Y696 could also induce the EZH2-HIF2a regulatory axis. Thus,
to test the hypothesis, Src was inhibited using Saracatinib as shown in Figure 2.14. In
PC-9 cells, HIF2a protein and EPAS1 mRNA levels were decreased upon Src
inhibition, which would be consistent with EZH2-dependent regulation of HIF2a.
Unfortunately, Src inhibition strongly reduced EZH2 protein and mRNA levels,
suggesting that the observed HIF2a changes are more likely explained by reduced
EZH2 expression rather than by a phosphorylation-dependent switch in EZH2 activity.
In MDA-MB-231 cells, EZH2 levels were also reduced upon Src inhibition, but the level
of reduction was inconsistent between the experiments. HIF2a protein levels were
unchanged in MDA-MB-231 cells upon Src inhibition and EPAS1 mRNA levels
increased. These observations clearly illustrate the limitations of pharmacological Src
inhibition as an experimental approach to study EZH2-dependent HIF2a regulation and
raise the question of how Src regulates EZH2 levels. Src is not known to directly
downregulate or degrade EZH2. While Smith et al. reported that hyperactivated Src
can enhance mTORC1 activity, thereby increasing EZH2 translation (284), this does

not explain the observed decrease in EZH2 mRNA levels in PC-9 cells.

Taken together, the question whether phosphorylation at Y696 mediates EPAS1
regulation could not be answered, as Src inhibition caused an overall reduction in
EZH2 levels, and no commercially available antibody exists for pY696. To exclude that
off target effects of Saracatinib affected EZH2/HIF2a levels, experiments with genetic
depletion of Src should be considered. This could include transient depletion by siRNA
transfection, inducible or constitutive shRNA expression from stably transduced

lentiviral vectors, or Cas9-sgRNA-mediated CRISPR knockout.
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3.3. Biological consequences of EZH2 knockdown

under chronic hypoxia and clinical significance

3.3.1. Identifying HIF2a target genes in MDA-MB-231 and PC-9 cells

and assessing the impact of EZH2 depletion

Upon elucidating the EZH2-HIF2a regulatory link, | investigated whether this regulation
has downstream effects in cancer cells. The first aim was to determine whether HIF2a
target genes are downregulated upon EZH2 depletion. Due to limited consensus on
HIF1a and HIF2a target genes, | first aimed to identify HIF2a-specific targets in my

experimental model systems.

For this, | knocked down EPAS1 and monitored the expression of the following HIF
target genes by RT-qPCR: PGK1, GLUT1, PHD3, HK2, and VEGFA, with HIF1A
included as a control. These target genes were selected based on experiments

previously performed in our laboratory and several publications as shown below:

e Lombardi et al. identified PGK1 and HK2, among other genes, as HIF target
genes (40),

e Hu et al. found HIF2a binding to the PGK1 and GLUT1 promoter in HEK293
cells. However HIF2a depletion or rescue did not affect PGK1 mRNA levels in
HEK?293 cells, while GLUT1 levels were increased upon HIF2a rescue, but also
not reduced upon HIF2a depletion (285),

e Wallace et al. used the HIF2a specific inhibitor PT2385 (286), which blocks
HIF2a and HIF13 dimerization, in renal cell carcinoma cells. At the mRNA level
they found a reduction of GLUT1 and VEGFA, but not PGK1 (287),

e Arnaiz et al. found decreased VEGFA and PHD3 expression in RNA-seq
analyses following PT2385 treatment in renal cell carcinoma cells (288),

e Octamer-binding transcription factor 4 (OCT4) has also been reported as a
HIF2a target gene (289). However, no change of its expression was observed
upon HIF2a depletion in my initial experiments in MDA-MB-231 cells (data not

shown), and thus this gene was excluded from further comprehensive analyses.

Based on the results shown in Figure 2.15, GLUT1 and PGK1 were considered HIF2a
target genes in MDA-MB-231 cells and PHD3 in PC-9 cells. In MDA-MB-231 cells,
EZH2 knockdown reduced both selected HIF2a target genes, suggesting that there is
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a downstream effect of EZH2 knockdown on hypoxia signaling. In contrast, PHD3
levels were not reduced upon EZH2 knockdown in PC-9 cells. However, ACTB has
been used as the housekeeping gene for the EPAS1 knockdown experiments, which
may not have been optimal. Repeating the RT-qPCRs with HPRT1 is recommended

to further analyze these and other target genes in future experiments.

3.3.2. The functional consequences of EZH2 depletion on cancer

progression in vitro

After demonstrating the effect of EZH2 depletion on HIF2a target genes in MDA-MB-

231 cells, | next investigated the functional consequences of EZH2 depletion.

Initially, mammosphere formation was tested with MDA-MB-231 cells to study the
effect of EZH2 knockdown on stemness, since HIF2a has been shown to be an
important regulator of this phenotypic trait of cancer cells (196-199). Even though
MDA-MB-231 cells were capable of forming spheres, they were loose, irregular, and
small. It was therefore difficult to distinguish them from cell clumps. PC-9 cells did not
form spheres at all under the tested experimental conditions. In addition, the
expression of the stem cell markers OCT4, SRY-box transcription factor (SOX2), and
SRY-box transcription factor (SOX9) was also assessed in MDA-MB-231 shNsc and
shHIF2a cells, but no reduction was observed. Since OCT4 and SOX9 have been
reported as potential HIF2a target genes (289,290), the role of the EZH2-HIF2a axis
in the regulation of stemness could be further explored using different experimental

setups.

Next, the effect of EZH2 depletion on cell survival and proliferative capacity was
studied using a colony formation assay. MDA-MB-231 cells formed large colonies, but
PC-9 cells did not, and therefore the assay was only applied to MDA-MB-231 cells.
Because very low cell numbers were required to avoid overgrowth, results were
sensitive to seeding errors, which likely contributed to the variability between
experiments. Overall, only a small and non-significant decrease in colony formation
was observed upon EZH2 depletion under hypoxic conditions (data not shown). To test
whether nutrient stress might enhance the effect, cells were cultured in glutamine-rich
or glutamine-deprived medium without pyruvate throughout the experiment. These
conditions caused a slightly greater reduction in colony formation under hypoxic

conditions in shEZH2 compared to shNsc cells than with regular medium, but the effect
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remained moderate and non-significant. A similar reduction was also observed under
normoxic conditions, suggesting that the potential decrease in colony formation is
independent of HIF2a (data not shown). Thus, additional repeats and testing of
different conditions are necessary to clarify whether EZH2 has a robust effect on colony

formation in this model.

To further study proliferation, | also assessed cell growth by cell counting. A
significantly decreased growth rate was observed in PC-9 under normoxia and hypoxia
on day 4, but on day 5 the difference was only significant under hypoxic conditions as
shown in Figure 2.17A. This supports a role for the EZH2-HIF2a regulatory axis in PC-
9 cell growth. In line with this, Gonzalez et al., observed a significant decrease in MDA-
MB-231 cell proliferation after four days based on the Wst-1 assay under normoxic
conditions (291). Since no significant difference between EZH2 knockdown and control
MDA-MB-231 cells was observed in my experiments under different EZH2 depletion

conditions (data not shown), additional assay settings should be tested.

Furthermore, anchorage-independent growth was assessed using a soft agar colony
formation assay. In Figure 2.17B,C, PC-9 shEZH2 cells displayed reduced colony
formation efficiency across three independent experiments compared to shNsc cells
under hypoxic conditions, although the effect did not reach significance due to
variability. Additional experiments will be needed to accurately assess if there is a
diminished colony formation capacity under hypoxic conditions. While colony formation
was not affected under normoxic conditions in EZH2 depleted cells in the soft agar
assay, the colony size was decreased. This suggests that although tumorigenicity and
transformative capacity under normoxia are not affected by EZH2 knockdown, its
depletion under this condition could play a role in the proliferation of tumorigenic cells.
MDA-MB-231 cells did not form colonies in soft agar and were therefore not suitable

for this assay.

To test if the observed effects of EZH2 depletion on proliferation and tumorigenicity
was through HIF2a downregulation, | created stable HIF2a rescue and control MDA-
MB-231 and PC-9 shNsc and shEZH2 cell lines. Since the control cell lines were
growing much faster than the HIF2a rescue cell lines, this approach was unfortunately
not feasible. As an alternative, | used an experimental approach with transient
overexpression of HIF2a. However, in this configuration, | was only able to conduct
short-term experiments due to the decrease in HIF2a expression levels after a few
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days. Consequently, only the growth experiment was performed with HIF2a transient
overexpression in PC-9 shNsc and shEZH2 cells under hypoxic conditions. The HIF2a
expressing cells had a regular growth rate, but the cells did not tolerate the control
plasmid well, which could have been caused by the high DNA:FUGENE ratio. Despite
this problem, the experiments did give the expected result. In cells transfected with the
control or HIF2a rescue plasmid, the EZH2 depleted cells grew slower compared to
the control cells (Fig. 2.18B). However, when comparing the growth difference between
the cells transfected with the control or HIF2a plasmids, the growth increase was
greater in shEZH2 cells than in shNsc cells as shown in Figure 2.18C. This suggests
that the reduction in PC-9 proliferation upon EZH2 depletion is mediated under hypoxic

conditions, at least in part, through downregulation of HIF2a.

3.3.3. The functional consequences of EZH2 depletion on cancer

progression in an ex vivo organotypic brain slice culture

In vitro assays do not always reflect ex vivo or in vivo experimental outcomes. For this
reason, | wanted to use a non-invasive and relatively robust experimental setup to
investigate the effect of EZH2 depletion on invasion in the brain, as both lung and
breast cancer are well known to cause BM (173,174). For this purpose, | performed an

ex vivo organotypic brain slice invasion assays in collaboration with Nazli Salik.

Our laboratory has previously used spheres for these invasion assays. However, as
described earlier, MDA-MB-231 spheres did not grow large enough, and PC-9 cells did
not form spheres at all. Another option would be to inject single cells into the brain
slice, but this method is technically challenging and prone to damaging the tissue.
Instead, | adopted a method described recently by Uroz et al. (243), in which the brain
slice is incubated with a 1 ml suspension of cancer cells for two to four hours, followed
by removal of excess cells and time-lapse imaging. This approach minimizes tissue

damage and is relatively simple.

Due to the limited availability of mice, only one cell line could be used in these
experiments. MDA-MB-231 cells were selected because they had not shown any
consistent functional effects on growth or proliferation in vitro, and | wanted to
determine whether a functional effect related to EZH2-dependent HIF2a regulation,
namely invasive capacity, could be demonstrated in an ex vivo model that more closely

approximates a biologically relevant context. Remarkably, EZH2 depletion significantly
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reduced the net invasion depth under hypoxic conditions (Fig. 2.19C). This indicates
that EZH2 contributes to the invasion capacity of MDA-MB-231 cells under chronic
hypoxia, plausibly through HIF2a. However, several limitations of the method became

apparent.

First, at baseline, cells appeared up to approximately 156 pm deep within the tissue
under hypoxic conditions. It is unlikely that cells migrated this distance within three
hours purely by invasion. Alterations in the structure of brain slices, due to the high
amount of medium, may have led to small openings in the tissue, providing a potential
explanation for the observed effects (292). We could see that the shape changed when
the cell suspension was removed and approximately 250 ul fresh medium was added
to keep the brain slice from drying out. When assessing the invasion depth reported
by Uroz et al. it seems like they may have had the same issue. They only found an
approximate 7 pm invasion depth at their 24-hour time point, while | found
approximately 17 uym net invasion depth at my 48-hour time point under normoxic
conditions measured from the brain surface (243). It is very likely that Uroz et al. also
displayed the net invasion depth, although they have not stated this. | expect this
because Spennati et al. found approximately 100 um invasion depth of MDA-MB-231
cells at their 24-hour time point without baseline measurements (293), which comes
closer to the highest average depth of MDA-MB-231 shEZH2 cell invasion under
normoxic conditions of approximately 150 ym at the 48-hour time point in my
experiments. Admittedly, their setup was different (25 ul cell suspension incubated for
five hours). Taken together, the actual depth is likely much higher than the reported
approximately 7 um depth by Uroz et al. This highlights the need for optimization of the
assay, which could prevent this “invasion” during the first three hours. It is unfortunate
that the study by Spennati et al. did not have baseline measurements, this would have
confirmed if the amount of medium added to the slice contributes to the observed

effect.

A related issue is that the peak GFP signal intensity at baseline (3 hours) was at
approximately the same depth as at 48 hours, but the starting point of the GFP signal
was deeper at baseline than at 48 hours (Fig. 2.19D). This further supports the idea
that the initial measurements do not represent active invasion. It is likely that for some
other reason the cells passively infiltrate the tissue in these three hours and then
actively migrate deeper into the tissue, but also back to the surface. For this reason, |
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reported invasion both as net depth from the tissue surface and from the first detectable
GFP signal in Figure 2.19C. Importantly, in both analyses, EZH2 depletion reduced

invasion under hypoxia.

Another limitation was that time-lapse imaging could not be performed, meaning
baseline and 48-hour time point measurements were taken from several different brain
slices, which increased variability. Furthermore, DAPI staining did not penetrate the
entire slice, making it difficult to determine the top and bottom of the brain slices in

fluorescence microscopy imaging.

Morphological differences between normoxic and hypoxic cells were also observed.
Under normoxia, cells were more elongated, consistent with previous reports
describing vessel-associated migration (243). Under hypoxia, cells remained rounder,
but invaded to similar depths as under normoxic conditions. This observation could be
explained by hypoxia inducing amoeboid migration (294,295), which is a form of
migration characterized by cells adopting a round shape, and undergoing cycles of
expansion and contraction, which allow them to squeeze through gaps in the
extracellular matrix (296). The cell shape could therefore be further investigated in

future experiments to test this possibility.

Unfortunately, these results cannot directly demonstrate that HIF2a mediates the
reduced invasion capacity under hypoxia in EZH2-depleted cells. Ideally, the
experiment would have been repeated using shNsc and shEZH2 MDA-MB-231 cells
with HIF2a overexpression and control constructs, but the marked growth differences
between the overexpression and control lines prevented this. Possible alternatives for
future studies would be transient overexpression of HIF2a or the use of a HIF2a-
specific inhibitor, such as PT2385. If EZH2 regulates invasion via HIF2a, PT2385
treatment should reduce invasion more strongly in shNsc cells than in shEZH2 cells.
However, we currently do not have a reliable readout to assess PT2385 treatment

efficiency on HIF2a-dependent cellular processes in MDA-MB-231 cells.

3.3.4. Relevance of the EZH2-HIF2a axis in patients

Since no previous studies have investigated the relationship between EZH2 and
HIF2a, judging clinical validity is challenging. The Kaplan-Meier Plotter database,
which includes RNA-seq data from breast cancer patients (244), provides some
insights. Among patients who received endocrine therapy but no chemotherapy, high
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expression of EZH2 and EPAS1 was associated with poorer overall survival, whereas
high levels of EED and SUZ12 showed the opposite trend as shown in Figure 2.20.
This survival disadvantage was not observed in untreated patients, in those who
received chemotherapy alone, or in those treated with both endocrine therapy and
chemotherapy. However, these results do not align with my observation in MDA-MB-
231 cells, which is a TNBC cell line. Since TNBC patients generally lack hormonal
receptors, they typically do not receive endocrine therapy (297). Although there are
cases in which endocrine therapy could be beneficial in TNBC (297), none of the
patients receiving only endocrine therapy were TNBC patients in the Kaplan-Meier
database. However, since the EZH2-dependent regulation of HIF2a is cell line-
dependent but not TNBC-specific, it could very well be that this regulation also plays a
role in other breast cancer subtypes. A critical limitation of these analyses is that
survival curves are based on mRNA expression levels. High mRNA levels do not
necessary translate to high protein levels, which is the effector level. Data based on
protein expression would be necessary to make more precise claims about the effect

of high EZH2 and HIF2a expression on clinical outcome.

3.4. Conclusive summary and perspectives

In this study, | investigated the regulatory relationship between EZH2 and HIF2a
(encoded by the EPAS1 gene) and assessed its potential functional and clinical
relevance in breast and lung cancer. My results provide evidence that EZH2 regulates
HIF2a at the transcriptional level in a manner independent of its methyltransferase
activity. This regulation was not mediated by EZH1 and Notch signaling. Instead, |
demonstrated that EZH2 binds directly to the EPAS1 locus, particularly at a region
approximately 1.7 kb downstream of the TSS, where it likely contributes to
transcriptional activation. This binding occurred in the absence of H3K27me3
enrichment, supporting a non-canonical activator role for EZH2. Although hypoxic
conditions are generally associated with a globally repressive chromatin landscape,
EZH2 appears to maintain transcriptional activity by promoting HIF2a expression,

thereby contributing to the sustained hypoxic response.

Mechanistically, | could not conclusively determine whether phosphorylation at Y696
by Src kinase underlies the observed switch in EZH2 function, as Src inhibition reduced

EZH2 levels overall rather than inducing a clear functional change. Instead of using
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pharmacological inhibition, genetic depletion of Src could be used to further explore its
possible role in turning EZH2 from a chromatin modifier and transcriptional repressor
into a transcriptional activator in the model systems used in this study. Future work
should also focus on developing reliable tools, such as phospho-specific antibodies for
pY696 EZH2, or better, mass spectrometry-based approaches, which will be crucial to
determine whether this or other modifications underlie the non-canonical activator

function observed.

Functionally, EZH2 depletion impaired the expression of selected HIF2a target genes,
including GLUT1 and PGK1 in MDA-MB-231 cells, indicating that the EZH2-HIF2a
regulatory axis has a downstream impact on hypoxia signaling. These transcriptional
changes translated into measurable effects on cancer progression. In PC-9 cells,
EZH2 knockdown reduced proliferation under hypoxia, which could be rescued with
transient HIF2a restoration, and showed a decreased anchorage-independent growth
trend in soft agar that correlates with decreased tumorigenicity. In MDA-MB-231 cells,
EZH2 depletion reduced invasion capacity in an ex vivo organotypic brain slice culture
under chronic hypoxia, plausibly mediated through HIF2a. Together, these findings
highlight the potential importance of the EZH2-HIF2a regulatory axis in driving
malignant phenotypes such as growth and invasion. Despite these advances, several

limitations remain.

Technical challenges prevented the use of stable HIF2a and EZH2 overexpression or
rescue lines, restricting mechanistic confirmation of whether HIF2a fully mediates the
observed functional effects of EZH2 depletion, and which EZH2 domains are required
for EPAS1 regulation. Future studies could overcome these issues by testing other
viral promoters and controls for HIF2a overexpression, optimizing virus production
protocols for inducible shRNA systems such as pTRIPZ, and removing the additional
amino acids in the pLenti6 EZH2 plasmid to create isoform C, which might induce its
function. If this is the case, it could be used to create inducible overexpression cells
using the pSLIK system (298), which could also be applied for HIF2a overexpression.
In addition, ChIP assays were not functional for c-Myc, a potential co-regulator of
EPAS1, suggesting that further optimization of antibody selection and experimental
conditions will be required to explore this potential interaction. To further follow up on

potential co-regulators, E2F1 could be the next target. E2F1 is a suggested
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transcription factor for EPAS1 (217) and has been shown to work together with EZH2

to induce gene transcription (137).

Future research should also expand the analysis of HIF2a target genes beyond the set
tested in this study. RNA-seq following EZH2 or HIF2a depletion, under both normoxic
and hypoxic conditions, would provide a broad overview of the transcriptional programs
regulated by the EZH2-HIF2a regulatory axis. RNA-seq would also be beneficial in
other cell lines, where no EZH2-dependent regulation of HIF2a was observed to
identify cancer type-specific differences, potentially informing us what causes the

EZH2-HIF2a regulatory axis.

Also the use of a HIF2a inhibitor such as PT2385, could serve as a pharmacological
tool to test whether EZH2-driven invasion and growth phenotypes indeed depend on
HIF2a activity. Combining these inhibitors with EZH2 depletion could clarify the extent

to which HIF2a mediates EZH2’s oncogenic role.

Additionally, extending these studies to in vivo models would be beneficial for
validating the EZH2-HIF2a regulatory axis in a physiologically relevant

microenvironment.

Moreover, while my study relied on mRNA-based clinical datasets, protein-level
analyses would be beneficial to validate the functional and prognostic relevance of the

EZH2-HIF2a regulatory axis in patient samples.

Taken together, this study provides new insights into a previously unexplored
regulatory link between EZH2 and HIF2a. It establishes EZH2 as a non-canonical
transcriptional activator of EPAS1, and suggests that this regulation contributes to
cancer cell growth and invasion under hypoxic conditions, potentially through HIF2a
signaling, where EZH2 sustains HIF2a expression and transcriptional activity despite
an overall repressive chromatin state. This mechanism is summarized in Figure 3.1,
which illustrates how EZH2 supports HIF2a-driven transcription under hypoxia. These
findings broaden our understanding of the function of EZH2 beyond its canonical role
as a repressive methyltransferase and opens possibilities for future research into the
therapeutic targeting of the EZH2-HIF2a regulatory axis in cancer.
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Figure 3.1: Graphical abstract of this study.

EZH2 regulates HIF2a signaling under normoxic and hypoxic conditions as a transcriptional activator of
EPAS1 in a PRC2-independent manner. Under normoxia, HIF2a is degraded through PHD-mediated
hydroxylation, limiting target gene expression. Under hypoxia, repressive H3K27me3 levels accumulate,
while EZH2-dependent EPAS1 transcription persists and HIF2a is stabilized, leading to activation of

HIF2a target genes which may promote tumor cell proliferation and invasion.
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4. Materials and methods

4.1. Materials

Plasticware, including petri dishes, multiwell plates, and serological pipettes, was
purchased from Greiner Bio-One (Kremsmunster, Austria) and SARSTEDT AG & Co.

KG (Ndrnbrecht, Germany), unless otherwise stated.

4.2. Chemicals, Media, and other reagents

Standard laboratory chemicals were purchased from Carl Roth (Karlsruhe, Germany)

and Sigma Aldrich/Merck (Darmstadt, Germany) unless otherwise indicated.

4.2.1. Cell culture

0.05 % Trypsin-EDTA #25300-054, Thermo Fisher Scientific (Waltham, MA, USA)
5x siRNA Buffer #B-002000-UB-100, Horizon Discovery/Revvity (Waltham, MA, USA)
Agar-Agar, Noble Quality # 3558, Carl Roth (Karlsruhe, Germany)

Amphotericin B #A2942, Sigma-Aldrich/Merck (Darmstadt, Germany), stock
concentration 150 pg/mL in sterile deionized H20

Basal Medium Eagle (BME) (1x) with Earle's Salts, without L-Glutamine
#41010,Gibco/Thermo Fisher Scientific (Waltham, MA, USA)

CASY ton solution #5651808, OMNI Life Sciences (Bremen, Germany)

Crystal violet #61135, Fluka/Honeywell (Charlotte, NC, USA)

D-(+)-Glucose solution #50-99-7, Sigma-Aldrich/Merck (Darmstadt, Germany)
Dimethyl Sulfoxide (DMSO) #A994.1, Carl Roth (Karlsruhe, Germany)

Dulbecco’'s Modified Eagle Medium (DMEM) (1x) with 4.5 g/L D-Glucose, Phenol
Red, without L-glutamine, Pyruvate #11960, Gibco/Thermo Fisher Scientific (Waltham,
MA, USA)

Dulbecco’'s Modified Eagle Medium (DMEM) (1x) with 4.5 g/L D-Glucose, L-
glutamine, Pyruvate, Phenol Red #41966, Gibco/Thermo Fisher Scientific (Waltham,
MA, USA)

Dulbecco's PBS (1x) #PBS-1A, Capricorn Scientific (Ebsdorfergrund, Germany)
Fetal Bovine Serum (FBS) #F7524, Sigma-Aldrich/Merck (Darmstadt, Germany)
GlutaMAX (100x) #35050, Gibco/Thermo Fisher Scientific (Waltham, MA, USA)

HEPES Buffer Solution (1M) #15630, Gibco/Thermo Fisher Scientific (Waltham, MA,
83



USA)

Horse Serum heat inactivated #1138, Sigma-Aldrich/Merck (Darmstadt, Germany)
Hydrochloric acid solution #H9892, Sigma-Aldrich/Merck (Darmstadt, Germany)
Minimum Essential Medium (MEM) (1x) with Earle's Salts, L-Glutamine #31095,
Gibco/Thermo Fisher Scientific (Waltham, MA, USA)

Opti-MEM Reduced Serum Medium #11058021, Thermo Fisher Scientific (Waltham,
MA, USA)

Penicillin Streptomycin (Pen-Strep) #15140, Gibco/Thermo Fisher Scientific
(Waltham, MA, USA)

Plasmocin treatment #MPT-40-01, InvivoGen (San Diego, CA, USA)

Polybrene (Hexadimethrine bromide) #9268, Sigma-Aldrich/Merck (Darmstadt,
Germany)

Puromycin #ant-pr, InvivoGen, stock concentration 10mg/mL in HEPES, final
concentration was cell line dependent

RPMI Medium 1640 (1x) with 4.5 g/L D-Glucose, 2.383 g/L HEPES buffer, L-
glutamine,1.5 g/L Sodium Bicarbonate, 110 mg/L Sodium Pyruvate, Phenol Red
#A10491-01, Gibco/Thermo Fisher Scientific (Waltham, MA, USA)

Sodium Bicarbonate (7,5%) #25080, Gibco/Thermo Fisher Scientific (Waltham, MA,
USA)

Sodium hydroxide solution (NaOH) #S2770, Sigma-Aldrich/Merck (Darmstadt,

Germany)

4.2.2. Transfection reagents

FuGENE HD Transfection Reagent #2312, Promega (Fitchburg, WI, USA)
Lipofectamine RNAIMAX reagent #13778150, Invitrogen/Thermo Fisher Scientific
(Waltham, MA, USA)

PEI 25K (Polyethylenimine) #23966, Polysciences (Warrington, PA, USA)

4.2.3. Inhibitors

Chloroquine #C6628, Sigma-Aldrich, stock concentration 10 mM in sterile deionized
H20

DAPT #565770, Merck (Darmstadt, Germany), stock concentration 10mM in DMSO
GSK126 #HY-13470, MedChemExpress (Monmouth Junction, NJ, USA), stock
concentration 20 mM in DMSO

84



Saracatinib #HY-10234, MedChemExpress (Monmouth Junction, NJ, USA), stock
concentration 10 mM in DMSO

4.2.4. Chromatin immunoprecipitation (ChiP)

16% Formaldehyde Solution (w/v), methanol-free #28908, Thermo Fisher Scientific
(Waltham, MA, USA)

Agarose NEEO Ultra-Quality, #2267.4, Carl Roth (Karlsruhe, Germany)

Buffer NTB #740595.150, Macherey-Nagel (Duren, Germany)

cOmplete Mini, EDTA-free #11 836 170 001, Roche Diagnostics (Mannheim,
Germany)

EDTA Disodium Salt 2-hydrate BioChemica #A1104,0250, PanReac AppliChem
(Darmstadt, Germany)

GeneRuler 1 kb Plus DNA Ladder #SM1333, Thermo Fisher Scientific (Waltham,
MA,USA)

Lithium Chloride (LiCl) #L960, Sigma-Aldrich/Merck (Darmstadt, Germany)

NP-40 (10% in H20) #2011-100, BioVision (Milpitas, CA, USA)

NucleoSpin Gel and PCR Clean-up #740609.250, Macherey-Nagel (Duren,
Germany)

Orange G #HY-135712, MedChemExpress (Monmouth Junction, NJ, USA), 6x in 50%
glycerol

p-APMSF, Hydrochloride #178281, EMD Millipore (Billerica, MA, USA), stock
concentration 50mM in deionized H20

Proteinase K #BIO-37037, Bioline/Meridian Bioscience (London, UK), stock
concentration 20 mg/mL

RNase A, DNase and protease-free #EN0531, Thermo Fisher Scientific (Waltham,
MA, USA)

SDS ultra pure #2326.1, Carl Roth (Karlsruhe, Germany)

SYBR Safe DNA gel stain #S33102, Thermo Fisher Scientific (Waltham, MA, USA)
Triton X-100 #T8787, Sigma-Aldrich/Merck (Darmstadt, Germany)

4.2.5. RNA isolation, reverse transcription and quantitative real time
polymerase chain reaction (QPCR)

Maxima H Minus First Strand cDNA Synthesis Kit #K1652, Thermo Fisher Scientific
(Waltham, MA, USA)
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PowerUp SYBR Green Master Mix #A2574, Thermo Fisher Scientific (Waltham, MA,
USA)

RNase-Free Dnase Set #79256, Qiagen (Hilden, Germany)

RNeasy Mini Kit #74106, Qiagan (Hilden, Germany)

4.2.6. Western blotting

Albumin bovine Fraction V #11946.02, SERVA Electrophoresis (Heidelberg,
Germany)

Ammonium persulfate (APS) #A1142, AppliChem (Darmstadt, Germany), stock 10%
in deionized H20

DC Protein Assay Reagents Package #500-0116, Bio-Rad Laboratories (Hercules,
CA, USA)

PageRuler protein ladder (10 -180 kDa) #26617, Thermo Fisher Scientific (Waltham,
MA, USA)

Pierce ECL Western Blotting Substrate #32106, Thermo Fisher Scientific (Waltham,
MA, USA)

Spectra High Range protein ladder (40-300 kDa) #26625, Thermo Fisher Scientific
(Waltham, MA, USA)

Western Lightning Plus ECL #0RT2655, Revvity (Waltham, MA, USA)

4.2.7. Fixation and staining

DAPI/Antifade-Solution (ultra) #MT-0002-0,8, Zytovision (Bremerhaven, Germany),
stock concentration 1000 ng/mL

Fluorescence Mounting Medium #S3023, Dako (Hamburg, Germany)
Paraformaldehyde (PFA) #0335.3, Carl Roth (Karlsruhe, Germany)

4.2.8. Antibodies

Primary antibodies were purchased from Abcam (Cambridge, UK), Cayman Chemical
(Ann Arbor, MI, USA), Cell Signaling Technology (Danvers, MS, USA), Dianova
(Hamburg, Germany), Novus Biologicals (Centennial, CO, USA), Proteintech
(Rosemont, IL, USA), Santa Cruz (Dallas, TX, USA), and Sigma-Aldrich/Merck
(Darmstadt, Germany). Secondary antibodies goat anti-mouse/rabbit IgG (#115-035-

146, #111-035-144, respectively) were purchased from Jackson ImmunoResearch
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(Ely, UK). All used primary antibodies and their experimental usage are shown in table
41.

Table 4.1 Antibodies used in this study.

Antigen Species Product Manufacturer Dilution/ Usage
number amount
a-Tubulin Mouse  #DLNO09992  Dianova 1:10000 WB (ECL)
#sc-32293 Santa Cruz 1:5000
B-Actin Mouse  #A5316 Sigma- 1:10000 WB (ECL)
Aldrich/Merck
Cleaved Rabbit #2421 Cell Signaling 1:1000 WB (ECL
Notch1 Technology PLUS)
(Val1744) (CST)
EED Rabbit  #ab240650 Abcam 1:1000 WB (ECL)
EZH1 Rabbit  #20852-1-AP  Proteintech 1:500 WB (ECL
PLUS)
EZH2 Rabbit #5246 CST 1:5000 WB (ECL)
5 ug ChiIP
H3K27me3 Rabbit #9733 CST 1:2000 WB (ECL)
5 ug ChiP
H3K4me3 Rabbit #9751 CST 5 g ChlP
HIF1a Rabbit  #10006421 Cayman 1:1000 WB (ECL
Chemical PLUS)
HIF2a Rabbit  #NB100-122 Novus 1:500 WB (ECL
Biologicals PLUS)
Normal Rabbit #2729 CST 5ug ChiP
Rabbit IgG
pSrc Rabbit #6943 CST 1:1000 WB (ECL
(Tyr416) PLUS)
RNA Pol Il Mouse  #NB200-598 Novus 5 g ChIP
Biologicals
Src Rabbit #2109 CST 1:1000 WB (ECL
PLUS)

SUz12 Rabbit #3737 CST 1:1000 WB (ECL)
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4.2.9. Primers

All oligonucleotides were ordered from Sigma-Aldrich/Merck (Darmstadt, Germany).
Primers were designed using PrimerBlast (299), Primer3 (300-302), or Geneious
Prime (2019.2.3, Dotmatics (Boston, MS, USA)). RT-gPCR primers were designed to
be intron spanning to prevent the amplification of genomic DNA sequences. All primers
were tested for efficiency. Table 4.2 contains the information for all used RT-qPCR

primers and Table 4.3 contains the information for the ChIP-gPCR primers.

4.2.10. Short interfering RNAs (siRNA)

siRNA control: ON-TARGETplus Non-targeting pool siRNA #D-001810-10, Horizon
Discovery/Revvity (Waltham, MA, USA):

GACUCUGAAUGCAGUUGCU

UGGUUUACAUGUUGUGUGA

UGGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA

siRNA targeting human EZH1: ON-TARGETplus Human EZH1 siRNA SMARTpool
#L-004217-00, Horizon Discovery/Revvity (Waltham, MA, USA):
GGAAAGGUCUAUGACAAAU

GAAAGCGACAUGCUAUUGA

GAUCCGUUCUGAUUAGUGA

GCAGUCAAAGAAUCACUUA

siRNA targeting human EZH2: Custom siRNA, Standard, Horizon Discovery/Revvity
(Waltham, MA, USA):

GACUCUGAAUGCAGUUGCU

4.2.11. Plasmids

4.2.11.1. General plasmids

pCI-VSVG: Lentiviral envelope plasmid encoding vesicular stomatitis virus G #1733,
Addgene (Watertown, MA, USA)

psPAX2: Lentiviral packaging plasmid encoding the Gag and Pol genes #12260,
Addgene (Watertown, MA, USA)

pcDNA3: Mammalian expression vector, Invitrogen/Thermo Fisher Scientific
(Waltham, MA, USA)
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Table 4.2: RT-qPCR primers used in this study.

Primer Sequence (5’-3’)

ACTB For AGAAAATCTGGCACCACACC
ACTB Rev AGAGGCGTACAGGGATAGCA
EED For GAAATTCCATCCAAGAGATCCA
EED Rev TGGATATTCCATAATCGTAAAGCA
EPAS1 For CGAACACACAAGCTCCTCTC
EPAS1 Rev GTCACCACGGCAATGAAAC
EZH1 For ACTGCTTCCTTCACCCTTTTCA
EZH1 Rev GGGTTGTGGAGCATGGCATA
EZH2 For GTACACGGGGATAGAGAATGTGG
EZH2 Rev GGTGGGCGGCTTTCTTTATCA
GLUT1 For GATTGGCTCCTTCTCTGTGG
GLUT1 Rev CAGGATCAGCATCTCAAAGG
HES1 For GGCTAAGGTGTTTGGAGGCT
HES1 Rev TGGTGTAGACGGGGATGACA
HIF1A For CCATTAGAAAGCAGTTCCGC
HIF1A Rev TGGGTAGGAGATGGAGATGC
HK2 For GGAACCCAGCTGTTTGACCA
HK2 Rev CAGGGGAACGAGAAGGTGAAA
HPRT For CCGGCTCCGTTATGGC

HPRT Rev GGTCATAACCTGGTTCATCATCA
NOTCH1 For ACTGCGAGGTCAACACAGAC
NOTCH1 Rev CACTCGTCCACATCGTACTGG
PGK1 For ATGGATGAGGTGGTGAAAGC
PGK1 Rev CAGTGCTCACATGGCTGACT
PHD3 For CTATGTCAAGGAGCGGTCCAA
PHD3 Rev GTCCACATGGCGAACATAACC
SUZ12 For GGGAGACTATTCTTGATGGGAAG
SUZ12 Rev ACTGCAACGTAGGTCCCTGA
VEGFA For TCACCAAGGCCAGCACATAG
VEGFA Rev CCGGGATTTCTTGCGCTTTC
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Table 4.3: ChIP-qPCR primers used in this study.

Primer Sequence (5’-3’)

EPAS1 #1 elongation/#3 For ACAATCCTCGGCAGTGTCCT
EPAS1 #1 elongation/#3 Rev GGCTCGAATGCTGGGAGTC
EPAS1 #1 For AATACGTCTACTTCCCGGCC
EPAS1 #1 Rev ACCTCAAGTGATCTGCCCAA
EPAS1 #2 elongation For CCCTGCACTGTGAACCTAGA
EPAS1 #2 elongation Rev CACGGCTTGCTTCTCTCTTG
EPAS1 #2 For CATCCCCGCCAAAACCAAA
EPAS1 #2 Rev AAATTGATCTAGGGCTGCGC
EPAS1 #3 elongation For ACCAGCCCCACATGTCATAA
EPAS1 #3 elongation Rev ATGGTCCCTGCCTTCATGAA
EPAS1 #4 elongation For CTGGCTTTTGTGCTGGTGAT
EPAS1 #4 elongation Rev AGTGAGCGTGTATGTCCCAA
EPAS1 #4 For GCCGAGGTTGATTTGCTCTT
EPAS1 #4 Rev CAAATCCTTATCGGTGCCCC
MYT1 For ACAAAGGCAGATACCCAACG
MYT1 Rev GCAGTTTCAAAAAGCCATCC
NOTCH1 For CTGGAGTAGGAGGGCTAAGC
NOTCH1 Rev TCTGGGGTTTCTGCAGCC
RPL30 For CAAGGCAAAGCGAAATTGGT
RPL30 Rev GCCCGTTCAGTCTCTTCGATT

hHIF2a_pcDNA3.1 HIS-TOPO: Mammalian expression vector containing the full
human HIF2a sequence, generated by Yuanbin Xie

V5-Notch1 ICD expression vector: Mammalian expression vector containing the
intracellular domain of murine NOTCH1 (bp 5,230 to bp 7,593 (303)), gifted by Prof.
Dr. Michael Potente

4.2.11.2. Lentiviral shRNA knockdown plasmids

pGIPZ-shNsc: The pGIPZ non-silencing shRNA lentiviral vector is a negative control
for any knockdown experiments performed using pGIPZ shRNA constructs. It contains
no homology to known mammalian genes #RHS4346, Horizon Discovery/Revvity
(Waltham, MA, USA)

pGIPZ-shEPAS1 (V2LHS_113750): Short hairpin RNA against human EPAS1 #

Horizon Discovery/Revvity (Waltham, MA, USA):
90



TGAACAGGGATTCAGTCTG

pGIPZ-shEZH2 #1 (V2LHS_63066): Short hairpin RNA against human EZH2
#RHS4430-200182803, Horizon Discovery/Revvity (Waltham, MA, USA):
TTACTGTCCCAATGGTCAG

pGIPZ-shEZH2 #2 (V2LHS_17510): Short hairpin RNA against human EZHZ2
#RHS4430-200159841 Horizon Discovery/Revvity (Waltham, MA, USA):
TTATCATACACTTTCCCTC

pGIPZ EED shRNA (V3LHS_385764): Short hairpin RNA against human EED
#RHS4430-200299484, Horizon Discovery/Revvity (Waltham, MA, USA):
AATCGTAAAGCATGATCTT

pGIPZ SUZ12 shRNA (V2LHS_74301): Short hairpin RNA against human SUZ12
#RHS4430-200175206, Horizon Discovery/Revvity (Waltham, MA, USA):
AAGATTAAAGTCATGCATG

4.3. Methods

4.3.1. Cell culture

Cells were split at 60-80% confluency. Cultures were washed with 1x PBS, trypsinized
with 0.05% Trypsin-EDTA for up to 5 minutes at 37°C, neutralized with fresh culture
medium, and centrifuged for 3 minutes at 1,000 rpm (Rotina 420 R, Andreas Hettich
GmbH & Co. KG, Tuttlingen, Germany). Cell pellets were resuspended in fresh culture
medium, and an appropriate fraction was plated on plastic culture dishes or well-plates
based on cell growth rate and confluency. Cultures were maintained in a CO, incubator
(5% CO,, 95% humidity; Heracell, Thermo Fisher Scientific, Waltham, MA, USA) for a
maximum of four months. The cell lines and corresponding culture media used are

summarized in Table 4.4.

4.3.1.1. Cell counting

Cell number, size distribution, and viability were measured using the CASY Cell
Counter and Analyzer Model TT (Roche Innovatis AG (Reutlingen, Germany)). 100 uL
cell suspension was diluted in 10 mL CASY ton solution and measured according to

the manufacturer's protocol. Specific programs were stored for each cell line.
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Table 4.4: Cell lines used in this study.

Breast cancer cell line

Source

Culture medium

BT-549

MDA-MB-157
MDA-MB-231
MDA-MB-361

MCF-7

ATCC (#HTB-122)
ATCC (#HTB-24)

DSMZ (#ACC-732)
Original source unknown
(from collaboration),
authenticated by Eurofins

Unknown

RPMI, 10% FBS

DMEM, 10% FBS
DMEM, 10% FBS
DMEM, 20% FBS

DMEM, 10% FBS

Lung cancer cell lines

A549
H2030
H441

PC-9

ATCC (#CCL-185)
ATCC (#CRL-5914)
Original source unknown
(from collaboration)
Original source unknown
(from collaboration),

authenticated by Eurofins

DMEM, 10% FBS
RPMI, 10% FBS
RPMI, 10% FBS

RPMI,  10%
GlutaMAX

FBS, 2mM

Glioblastoma cell lines

G55

u87-MG

Manfred Westphal
(Hamburg, Germany)
ATCC (#HTB-14)

DMEM, 10% FBS

DMEM, 10% FBS

Human
kidney cells, for
virus production

embryonic

HEK293T

Invitrogen/Thermo Fisher
Scientific

DMEM, 10% FBS

4.3.1.2. Cryopreservation of cells

Cells at 60-80% confluency were trypsinized, centrifuged, and resuspended in freezing

medium (5-10% DMSO in culture medium). Cell pellets from one 10 cm dish were

resuspended in 2 mL freezing medium and transferred to cryovials (#123277, Greiner

Bio-One (Kremsmunster, Austria)). Cryovials were placed in a -80°C freezer for =2 24

hours in an isopropanol-containing or Styrofoam container, then transferred to liquid

nitrogen for long-term storage.
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4.3.1.3. Thawing of cells

Cryopreserved vials were rapidly thawed in a 37°C water bath, resuspended in 10 mL
culture medium, and plated. Medium was refreshed the next day to remove residual
freezing medium. Antibiotics were added if required for transgene expression and

maintenance of selection.

4.3.1.4. Treatments

Hypoxia: For hypoxia experiments, plates containing cells or brain slices were
incubated in a 37°C hypoxic glove chamber (Toepffer Lab Systems (Goppingen,
Germany)) at 5% CO, and 1% O,, calibrated monthly. All treatments and harvesting
of cells or brain slices were performed inside the hypoxia chamber. Media and reagents
used in hypoxia experiments were pre-equilibrated inside the chamber overnight, with

lids loosely placed to allow oxygen to escape.

Transient Transfections: Cells were seeded in 6-well plates to achieve ~50%
confluency the following day. Before transfection, the medium was replaced with 1 mL

fresh culture medium.

e Notch1 NICD overexpression: 3 ug of the V5-Notch1 ICD expression vector
or pcDNA3 plasmid DNA mixed with 9 yL FUGENE (3:1 DNA:FuGENE ratio)
and 500 pL Opti-MEM; incubated 5 minutes at RT.

e HIF2a overexpression: 2 ug of the hHIF2a_pcDNA3.1 HIS-TOPO or pcDNA3
plasmid DNA mixed with 9 yL FUGENE (4.5:1) and 500 pL Opti-MEM; incubated

5 minutes at RT.

The transfection mixture was added dropwise. Medium was replaced the next day,

followed by subsequent treatments.

SiRNA transfections: siRNAs were resuspended in 1x siRNA buffer (nuclease-free
H,O) to 20 pmol/uL and quantified using a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific (Waltham, MA, USA)). Aliquots were stored at -80°C. Cells

at ~50% confluency in 6-well plates were transfected using Lipofectamine RNAIMAX:

e Mixture 1: 9 L Lipofectamine RNAIMAX + 150 uL Opti-MEM
e Mixture 2: 3 pL siRNA (20 pmol/pL) + 150 pL Opti-MEM

Mixtures were combined and incubated for 20 minutes at RT. In the meantime, the
medium of the 6-well plates was refreshed. Upon incubation, the transfection mix was
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added dropwise to the cells. Medium was replaced the next day, and further treatments

were applied.

Inhibitors: GSK126, DAPT, and Saracatinib were prepared in DMSO and diluted in
culture medium. Final DMSO concentration was equal across all treatment and control

groups. Cells were incubated for indicated durations.

Glutamine Deprivation: For glutamine deprivation, DMEM lacking L-glutamine and
pyruvate was supplemented with GlutaMAX to final glutamine concentrations of 4 mM
or 0.25 mM. After trypsinization, cells were seeded in DMEM containing the appropriate

glutamine concentration.

4.3.2. Working with lentiviruses

All lentiviral work was performed in a Biosafety Level 2 (BSL-2) laboratory with proper

approvals.

4.3.2.1. Lentivirus production
T75 flasks were seeded with 4.5 x 10 HEK293T cells in 10 mL DMEM + 10% FBS.

Two hours prior to transfection, medium was replaced with 6 mL fresh culture medium.
Transfection mix per flask:

e 500 yL Opti-MEM

e 7.5 g plasmid encoding gene of interest
e 2.63 pg pCIl-VSVG envelope plasmid

e 4.88 ug psPAX2 packaging plasmid

e 45 L PEI 25K (equilibrated to RT)

The mixture was vortexed gently, incubated 20 minutes at RT, and added dropwise to
cells pre-treated with 10 uM chloroquine. Cells were incubated 24 hours at 37°C, then

medium was replaced with 10 mL fresh culture medium.

Virus-containing supernatant was collected 48 hours post-transfection, centrifuged at
250 x g for 5 minutes, filtered through 0.45 ym PVDF filters (#P667.1, Carl Roth
(Karlsruhe, Germany)), and stored at 4°C. A second collection was performed on day
5.
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4.3.2.2. Lentivirus concentration

Up to 30 mL viral supernatant per ultracentrifuge tube (#253060, Herolab (Wiesloch,
Germany)) was balanced to 0.1 g accuracy. Tubes were centrifuged at 20,000 rpm for
4 hours at 4°C (Sorvall WX ULTRA ultracentrifuge, AH-629 rotor, Thermo Fisher
Scientific (Waltham, MA, USA)).

Following centrifugation, the supernatant was carefully discarded, and tubes were
placed upside-down on UV-treated tissue paper for 10 minutes to remove residual
liquid. The viral pellet was then resuspended in 70-100 pyL of plain DMEM and
transferred to a 50 mL tube and kept at 4°C for 20 minutes. Samples derived from the
same plasmid were resuspended again and pooled in a 1.5 mL tube, briefly centrifuged
at 13,000 rpm for 3 minutes at 4°C, and the clarified supernatant was divided into

aliquots and stored at -80°C.

4.3.2.3. Lentivirus titration

G55 cells were seeded in 6-well plates (5 x 10* cells/well). Lentiviral stocks were
thawed on ice and diluted in DMEM + 10% FBS + 8 pg/mL polybrene, serially from
1072 to 107°. Virus dilutions were applied to cells; one well received medium only as
mock control. After 24 hours, medium was replaced, and selective medium (2 pg/mL
puromycin) was applied 48 hours post-infection. The selective medium was refreshed

every 2-3 days.

Colonies were visualized 16-17 days post-infection, or once all cells in the mock control
had died. The cells were washed twice with PBS, and 100 uL of filtered 0.5% crystal
violet (in 20% Methanol/H20) in 1 mL culture medium was added to each well. After a
15-minute incubation at RT, excess stain was removed with three additional PBS
washes, or until the colonies were clearly visible. Subsequently, the plates were
scanned with the EPSON Perfection V700 Photo Scanner (Suwa (Nagano, Japan)).

The colonies were quantified using the cell counter plugin in Fiji (304).

To determine the titer in transducing units per mL (TU/mL), the following formula was

used.

Titer calculation (TU/mL) = Count1 x dilution1 + count2 x dilutionz

2
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4.3.2.4. Lentivirus transduction
For stable lentiviral transduction, 1 x 104 or 1.5 x 10 cells were seeded in 48-well
tissue culture plates, 2 x 104, 2.5 x 104, or 3 x 10* cells in 24-well plates, or 5.4 x 10*

cells in 12-well plates, including one mock control.

On the next day, the transduction mix was prepared containing culture medium, 8
pug/mL polybrene, and concentrated virus. The amount of virus was adjusted according
to the MOI, which was specific for each cell line (Table 4.5). The culture medium was
removed, the transduction mix was added, and cells were incubated for 24 hours at
37°C.

The following day, the medium was replaced with regular culture medium. One day
later, the medium was changed to selective culture medium containing puromycin
(Table 4.5). Cells were refreshed 2-3 times per week and cultured under standard

conditions.

After at least five washes and one split, cells were frozen once the mock control had
died. In some cases, cells were re-transduced after the first split to increase knockdown

efficiency. An overview of the generated cell lines is provided in Table 4.5.

All newly generated cell lines were tested for mycoplasma using PCR with HotStarTaq
DNA Polymerase (Pisal et al. (305)) and primers/internal control plasmid (Uphoff and
Drexler (306)).

4.3.3. Working with bacteria

Plasmids were isolated from bacteria stored as glycerol stocks. Bacteria were
inoculated in 200-300 mL autoclaved LB medium + 100 pg/mL ampicillin and cultured
overnight at 37°C, 225 rpm (Multitron Incubator Shaker, Infors AG (Bottmingen,
Switzerland)). Plasmids were isolated using the PureLink HiPure Plasmid Maxiprep Kit
(#K210007, Thermo Fisher Scientific (Waltham, MA, USA)), the concentration was
measured with the NanoDrop 2000 Spectrophotometer and stored at -20°C.

4.3.4. Western blotting

All buffer and solution recipes used for western blotting are shown in Table 4.6.
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Table 4.5: Generated cell lines.

Cell line name MOI Puromycin concentration pg/mi
A549 shNsc 100+100 1
A549 shEZH2 #2 100+100 1
BT-549 shEZH2 #2 30 1
BT-549 shNsc 30 1
G55 shEZH2 #2 20 2
G55 shNsc 20 2
H2030 shEZH2 #2 50 1
H2030 shNsc 50 1
H441 shEZH2 #2 25 1
H441 shNsc 25 1
MCF-7 shEZH1 #1 50 1
MCF-7 shEZH2 #2 50 1
MCF-7 shNsc 50 1
MDA-MB-157 shEZH2 #2 30+30 1
MDA-MB-157 shNsc 30+30 1
MDA-MB-231 shEED 50 2
MDA-MB-231 shEPAS1 50 2
MDA-MB-231 shEZH2 #1 50 2
MDA-MB-231 shEZH2 #2 50 2
MDA-MB-231 shNsc 50 2
MDA-MB-231 shSUZ12 50 2
MDA-MB-361 shEZH2 #2 50 4
MDA-MB-361 shNsc 50 4
PC-9 shEPAS1 50 2
PC-9 shEZH2 #2 50 2
PC-9 shNsc 50 2
U87-MG shEZH2 #1 30 1
U87-MG shEZH2 #2 30 1
U87-MG shNsc 30 1

4.3.4.1. Cell lysis

Cells were seeded as described in section 4.3.1. For protein lysate harvesting, cells
were washed once with PBS. Subsequently, 50-100 uL Laemmli buffer was added
depending on dish size and confluency (e.g. 50 uL per well for a 70-80% confluent 6

cm dish). Cells were scraped with a cell scraper (TPP Techno Plastic Products AG
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(Trasadingen, Switzerland)) and collected in a 1.5 mL Eppendorf tube. The protein
lysate was incubated for 5 minutes at 95°C, followed by sonication at 90% amplitude
with 0.5 seconds pulse periods for 30 seconds using the Sonoplus (BANDELIN
electronic GmbH & Co. KG (Berlin, Germany)). Protein lysates were stored at —20°C

until further use.

4.3.4.2. Determination of protein concentration and sample preparation

Protein concentrations were quantified using the Lowry method which relies on a two-
step chemical reaction producing a color change (307), measured at 750 nm using a
multimode microplate reader (Berthold Technologies GmbH & Co. KG (Bad Wildbad,
Germany)). Colorimetric measurements were performed with the DC Protein Assay
Reagents Package, following the manufacturer’s protocol. Pure Laemmli buffer served
as the blank control. Protein amounts were calculated from a standard curve generated
with serial dilutions of bovine serum albumin (BSA). For SDS-PAGE, 30-55 ug of total

protein was mixed with Laemmli buffer and 4x sample buffer.

4.3.4.3. SDS-PAGE and immunoblotting

Protein samples were denatured by heating at 95°C for 5 minutes prior to
electrophoresis. Denatured proteins were separated by SDS-PAGE. SDS ensures
proteins acquire a uniform negative charge proportional to their mass, allowing size-

dependent separation (308,309).

Standard discontinuous SDS-PAGE was performed using the Mini-PROTEAN 3
system (Bio-Rad Laboratories (Hercules, CA, USA)) with 15-well or 10-well combs. For
each lane, 20 uL or 30 yL of denatured protein sample was loaded onto either 8%/15%
double-percentage gels or 8% single-percentage gels with a 4% stacking gel.
Electrophoresis was initiated at 80 Volt until proteins migrated into the resolving gel,

then voltage was increased to 130 Volt for the remainder of the run.

Following electrophoresis, proteins were transferred onto 0.45 ym PVDF membranes
(#88518, Thermo Fisher Scientific (Waltham, MA, USA)) using the Mini-PROTEAN 3

system at a constant current of 125-250 mA per blot for 2 to 2.5 hours.

PVDF membranes were cut according to protein sizes and blocked in 5% milk blocking
buffer or 5% BSA blocking buffer for pSrc (Tyr416) for 1 hour at RT. After blocking,
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primary antibodies (in corresponding blocking buffer; see Table 4.1 for all antibodies)

were added and incubated overnight at 4°C.

The next day, membranes were washed with washing buffer three times for 10 minutes
each, followed by incubation with HRP-coupled secondary antibody (in corresponding
blocking buffer) for at least 1 hour at RT. Membranes were then washed twice with
washing buffer and once with PBS for 10 minutes each. All washing and incubation

steps were carried out while shaking.

Protein bands were visualized by incubating the membranes with either Pierce ECL
Western Blotting Substrate or Western Lightning Plus ECL for up to 5 minutes to
generate a chemiluminescent signal (Table 4.1). After substrate removal, membranes
were placed in a developing cassette, and luminescent signals were recorded on CL-
XPosure™ Film (#34089, Thermo Fisher Scientific (Waltham, MA, USA)) with
exposure times ranging from 2 seconds to 20 minutes depending on signal intensity.
Developed films were scanned using an EPSON Perfection V700 Photo Scanner, and

figures were prepared with Microsoft PowerPoint 2016.

4.3.4.4. Membrane stripping

When the same membrane region needed to be probed with a different primary
antibody, bound antibodies were removed by washing membranes three times with
washing buffer for 10 minutes each, followed by incubating blots twice with stripping
buffer for 20 minutes each at RT. Membranes were then washed three times for 10
minutes in PBS-T to eliminate residual stripping buffer and re-blocked for at least 1

hour before incubation with the next primary antibody.

4.3.5. Working with RNA

4.3.5.1. RNA isolation

Cells were seeded as described in section 4.3.1. For RNA harvesting, cells were
washed once with PBS. Subsequently, 350-600 uL RLT buffer (from the RNeasy
Qiagen Kit, according to its protocol) was added depending on dish size and
confluency. Cells were scraped with a cell scraper and collected in a 1.5 mL Eppendorf
tube and kept on ice. Cells were stored at -80°C until RNA isolation. RNA isolation was
performed using the RNeasy Mini Kit according to the manufacturer’s protocol.
Optional on-column DNase digestion was performed using the RNase-Free DNase Set
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Table 4.6: Western blot Buffer/solution recipes.

Buffer/solution Recipe

SDS PAGE running buffer 25 mM TRIS, 190 mM Gilycine, 0.1% SDS, pH
8.3

Upper buffer (for stacking gel) 0.5 M TRIS (pH 6.8), 0.4% SDS

Lower buffer (for separating gel) 1.5 M TRIS (pH 8.8), 0.4% SDS

Laemmli lysis buffer

Stripping buffer
Sample buffer (4x)

Washing buffer (PBS-T)

Wet transfer buffer
8% separating gel
Per single-percentage gel

15% separating gel
Per single-percentage gel

4% stacking gel
Per two gels

5% milk blocking buffer
5% BSA blocking buffer

10 mM TRIS-HCI (pH 7.5), 2 % SDS, 2 mM
EGTA, 20 mM NaF

200 mM Glycine, 0.05% Tween-20, pH 2.5

20 mL 20% SDS solution, 16 mL 1 M TRIS (pH
6.8), 23.26 mL 86% glycerol, 35.74 mL deionized
H20. Per 800 uL of this buffer, 200 pL 1%
bromphenolblue solution and 50 uL
B-mercaptoethanol was added.

0.1% Tween-20 (#A4974,0100, AppliChem) in 1x
PBS

20 mM TRIS, 150 mM Glycine, 20% methanol
4.65 mL deionized H20, 2.6 mL lower

buffer, 2.7 mL 30% acrylamide, 100 yL 10%
APS, 5 yL TEMED

2.4 mL deionized H20, 2.6 mL lower

buffer, 5.025 mL 30% acrylamide, 100 pL 10%
APS, 5 uyL TEMED

3.05 mL deionized H20, 1.3 mL upper buffer,
0.65 mL, 30% acrylamide, 50 uL 10% APS, 5 pL
TEMED

1x PBS, 0.1% Tween-20, 5% milk powder

1x PBS, 0.1% Tween-20, 5% BSA

to eliminate residual genomic DNA. RNA was eluted in 30 uL nuclease-free H20. RNA

concentration was subsequently determined

using the NanoDrop 2000

Spectrophotometer. RNA was stored at —80°C until reverse transcription.

4.3.5.2. Reverse transcription and qPCR

Reverse transcription was performed to generate cDNA for RT-gPCR from 1 ug of

isolated RNA using the Maxima H Minus First Strand cDNA Synthesis Kit according to
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the manufacturer’s protocol. Reaction cycles were carried out on a ProFlex PCR
System (Thermo Fisher Scientific (Waltham, MA, USA)). After synthesis, the cDNA
was diluted with nuclease-free H20 to a final concentration of 100 ng/uL, which was

subsequently used for gQPCR analyses.

Gene expression at the mRNA level was assessed by quantitative PCR using the
QuantStudio 3 Real-Time PCR System (Applied Biosystems/Thermo Fisher Scientific
(Waltham, MA, USA)). All samples were measured in triplicate, with each reaction
containing 4 pL of 100 ng/pL cDNA, 4 pL of forward and reverse primer mix at 1 yM
each (Table 4.2), 2 yL nuclease-free H20, and 10 uyL1x PowerUp SYBR Green Master
Mix, which includes Taq polymerase, dNTPs, PCR buffer, and SYBR Green dye. The

standard amplification program used for all reactions is detailed in Table 4.7.

Table 4.7: RT-qPCR cycling program for the SYBR Green method.

Step Time Temperature °C  Number of cycles
Enzyme activation part 1 2 min 50 1

Enzyme activation part 2 2 min 95 1

Denaturation 30 sec 95

Primer annealing 30 sec 60 45

Extension 35 sec 72

Melt curve step 1 1 min 95 1

Melt curve step 2 1 min 60 1

Melt curve step 3/ Dissociation 15 sec 95 Ramp rate 0.1°C/s

Relative gene expression levels were calculated using the 2*-AACt method. Target
gene expression was first normalized to the HPRT or ACTB housekeeping gene and
then compared to the corresponding control group. Data in figures represent the mean
of biological replicates (each averaged from three technical replicates), with standard

deviation calculated from the biological replicates.

4.3.6. Chromatin Immunoprecipitation (ChiP)

4.3.6.1. Crosslinking
MDA-MB-231 shNsc and shEZH2 cells were seeded in 15 cm dishes with 1.25 x 10¢
cells to have approximately 1.0 x 107 cells at harvesting (day 4). To ensure the correct

amount of lysis buffer later on, the final cell concentration on day 4 was counted three
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times prior to starting the ChIP experiments and used for calculating the amount of

lysis buffer needed later on.

On day 4, the medium was removed and the cells were washed with PBS. The cells
were then crosslinked using 1% formaldehyde solution in 10 mL DMEM containing
10% FBS for 10 minutes at RT with gentle shaking by hand. Crosslinking was stopped
by adding 2 M glycine solution to a final concentration of 0.125 uM, followed by gentle
shaking and incubation for 5 minutes at RT. Cells from each dish were scraped and
transferred into a 15 mL tube, followed by centrifugation for 5 minutes at 1600 x g at
4°C. The pellet was resuspended in 1 mL cold PBS-Plus (1 mL PBS + 5 pL p-APMSF)
per 15 mL tube to wash out the formaldehyde and centrifuged again. The washing step
was repeated once. After the second wash, the pellet was resuspended in PBS-Plus,
transferred to PET Plug Seal Cap 15 mL tubes (#430053, Corning Incorporated
(Corning, NY, USA)), and centrifuged. The supernatant was aspirated, and the cell
pellet was transferred to liquid nitrogen for shock freezing. The crosslinked material

was stored at -80°C.

4.3.6.2. Chromatin preparation

Crosslinked cell pellets were lysed with 300 uL lysis buffer (all buffer recipes can be
found in Table 4.9) per 9.0 x 10° cells and incubated for 5 minutes on ice. Then, 300
ML sample was transferred to ice cold 1.5 mL Bioruptor Microtubes (#C30010016,
Diagenode/Hologic (Marlborough, MA, USA)). The samples were subsequently
sonicated using the Bioruptor Pico (Diagenode/Hologic (Marlborough, MA, USA)) at
4°C using the following program: Power high 3 cycles, 20 seconds on, 30 seconds off.
This setting was aimed to fragment the sample to 300-500 bp. The sonicated samples
were then centrifuged for 15 minutes at 13200 rpm at RT. The supernatant was
collected in a 15 mL tube and aliquoted into 1.5 mL Eppendorf tubes and transferred
to liquid nitrogen for shock freezing. The aliquots were frozen at -80°C. In addition, two
times 20 pL was collected for test input. To the 20 pL, 100 uL TE buffer and 1uL RNase
was added and incubated for 30 minutes at 37°C while gently shaking in a thermomixer
(Eppendorf (Hamburg, Germany)). Then 7.5 yL 10% SDS (in Milli-Q (MQ) H20) and
3.8 L proteinase K was added and incubated for 2 hours at 37°C while gently shaking.
The crosslinking was reversed overnight at 65°C while gently shaking. The following
day, the test input was cleaned up using NTB buffer and the NucleoSpin Gel and PCR
Clean-up kit, partially according to the manufactures protocol for DNA clean-up with
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SDS. The test input was mixed with 240 yL NTB buffer, added to the column, and spun
down. The column membrane was washed twice with 600 uL NT3 buffer. The column
membrane was dried and the sample was eluted in 50 pL elution buffer and the DNA

concentration was measured with the NanoDrop 2000 Spectrophotometer.

4.3.6.3. Agarose gel electrophoresis

To validate fragmentation, 2% agarose gels were prepared using NEEO agarose
dissolved by boiling (microwave) in 1x TAE buffer (40 mM Tris, 20 mM glacial acetic
acid, 1 mM EDTA). The volume was dependent on the gel tray size (70, 90, or 140
mL). After cooling to approximately 50°C, 4 yL/100 mL SYBR Safe DNA gel stain was
added and mixed until dissolved. The solution was poured into the gel tray, and a comb

was added. Gels were left to solidify for 25 minutes in a chemical hood.

To 17.5 uL of test input, 3.5 yL 6% Orange G loading dye was added, and samples
were loaded on the gel in a chamber filled with 1x TAE buffer. GeneRuler 1kb Plus
DNA ladder was used to assess fragment length. Electrophoresis ran for 30-45 minutes
at 100 Volt. DNA was visualized using a blue/green light-equipped gel documentation
system (FastGene FAS-V Imaging System, NIPPON Genetics EUROPE (Duren,

Germany)).

4.3.6.4. Inmunoprecipitation

For each IP, 850 pL dilution buffer was added to 10 ug or 25 pg chromatin in 150 L
lysis buffer (for chromatin or transcription factors, respectively). For the input sample,
10% (100 pL) of the chromatin mix was collected and stored at -20°C. To the diluted
chromatin, 2 ug of primary histone antibodies or 5 ug for other primary antibodies and
IgG controls were added and incubated overnight in an end-over-end rotator (#7-0045,
neolLabLine (Heidelberg, Germany)) at 4°C. The next day, 20 yL magnetic beads were
added to the IP samples and rotated for 2 hours at 4°C. Beads were washed using a
magnetic rack (FastGene 1.5 mL MagnaStand, #FG-SSMAG1,5, NIPPON Genetics
EUROPE (Duren, Germany)) as follows: samples were placed in the rack for 2
minutes, supernatant was removed, 900 pyL washing buffer was added, beads were
resuspended, and samples rotated for 5 minutes at 4°C. IP samples were washed
sequentially with each 900 pL low salt buffer, high salt buffer, LiCl buffer, and twice
with TE buffer containing 4.5 uL 10% SDS. After the last wash, 100 uL TE buffer and
1 uL RNase A were added to IP and input samples (per 100 uL), and incubated for 30
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minutes at 37°C. Then, 7.5 yL 10% SDS and 3.8 pL proteinase K (per 100 pL) were
added and incubated for 2 hours at 37°C The crosslinking was reversed overnight at
65°C. The following day, DNA was cleaned up as described in section 4.3.6.2. Samples

were eluted in 65 L elution buffer and stored at —20°C.

4.3.6.5. ChIP-qPCR and analysis

ChIP samples were analyzed by quantitative PCR using the QuantStudio 3 Real-Time
PCR System. All samples were measured in triplicate, with each reaction containing 2
WL of IP sample or 10% input sample (corresponding to 1% of total chromatin), 4 uL of
forward and reverse primer mix at 1 yM each (Table 4.3), 4 yL nuclease-free H20, and
10 uL 1x PowerUp SYBR Green Master Mix. Standard amplification program is
detailed in Table 4.8.

Table 4.8: ChIP-qPCR cycling program for the SYBR Green method.

Step Time Temperature °C  Number of cycles
Enzyme activation part 1 2 min 50 1

Enzyme activation part 2 2 min 95 1

Denaturation 1 sec 95

Primer annealing/Extension 30sec 60 >0

Melt curve step 1 15sec 95 1

Melt curve step 2 1 min 60 1

Melt curve step 3/ Dissociation 15sec 95 Ramp rate 0.1°C/s

Input Ct values were adjusted to represent 100% of chromatin by accounting for the
1% input used. ACt was calculated as the difference between ChIP Ct and adjusted
input. The percentage of input for each ChIP sample was determined using the

formula:
% of Input= 100 x 25¢

Relative occupancy (Oa) was calculated as:
Oa= % of Input Xa - % of Input Xige

This approach normalizes ChIP signals to total chromatin and accounts for the fraction
of input in the gPCR reaction.
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Table 4.9: ChIP buffer recipes.

Buffers

Recipe

Dilution buffer

High salt buffer

200 pL 10% SDS, 22 mL 10% Triton-X-100, 480 pL 0.5M EDTA (pH8.0),
33.4 mL 1M NaCL, 4 mL 1M TRIS-HCI (pH 8.1), 140.58 mL MQ H20
2 mL 10% SDS, 20 ml 10% Triton-X-100, 800 puL 0.5M EDTA (pH8.0),

100 mL 1M NaCL, 4 mL 1M TRIS-HCI (pH 8.1), 73.2 mL MQ H20
LiCl buffer 10 mL 1.25M LiCL, 5 mL 10% NP-40, 5 mL

10% Deoxycholate, 100 uL 0.5M EDTA (pH8.0), 500 uL 1M TRIS-HCI (pH

8.1), 29.4 mL MQ H20

Low salt buffer 2 mL 10% SDS, 20 ml 10% Triton-X-100, 800 uL 0.5M EDTA (pH8.0), 30

mL 1M NaCL, 4 mL 1M TRIS-HCI (pH 8.1), 143,2 mL MQ H20

Lysis buffer 20 mL 10% SDS, 4 mL 0.5M EDTA (pH8.0), 10 mL 1M TRIS-HCI (pH

8.1), 166 mL MQ H20
TE buffer 2 mL 1M TRIS-HCI (pH 8.1), 0.5M EDTA (pH8.0), 197.6 ml MQ H20

4.3.7. Cell growth curve

For the cell growth curve experiment, 4 x 10* cells were seeded in a 6-well plate in
triplicate. One plate was counted on day 2 as described in section 4.3.1.1, with each
well counted twice. The remaining plates were transferred to the hypoxia chamber or

kept under normoxic conditions. This procedure was continued until day 5.

For the rescue experiment, 5.5 x 10 cells were seeded in a 6-well plate in triplicate.
Cells were transfected on day 2 as described in section 4.3.1.4. On day 3, the medium
was refreshed, and cells were transferred to the hypoxia chamber. Counting was

performed on day 5 in the same manner as the standard cell growth curve experiment.

4.3.8. Soft agar colony formation assay

The bottom agar layer was prepared on the day of the experiment or one day prior to
adding the second cell layer. To create the bottom layer of 0.6%, autoclaved 3% agar
(in MQ H20) was melted in the microwave, kept in a 60°C water bath, and mixed with
RPMI culture medium supplemented with 10% FBS and 2 mM GlutaMAX to make a
final 0.6% agar concentration. Then, 1 mL was quickly added to pre-heated 6-well
plates using pre-heated pipets. Plates were left with the lid partially open in the cell
culture hood until solidified, and then transferred to a 5% CO2 and 37°C incubator for

immediate use or wrapped in Parafilm and stored at 4°C for future use.
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For the second layer, 7.5 x 102 cells were resuspended in culture medium and mixed
with 3% agar (~40°C) to create a final 0.45% agar layer. This layer was solidified for
15 minutes at RT, followed by 15 minutes at 4°C, another 15 minutes at RT, and then
moved to a 5% CO2 and 37°C incubator. On day 2, plates were moved to the hypoxia
chamber or kept under normoxic conditions. Twice a week, 500 uL culture medium

was added to the wells.

On day 15, 0.5% crystal violet was diluted to 0.02% in 10% ethanol (in MQ H20). The
medium was carefully removed from the wells, and 1 mL of 0.02% crystal violet solution
was added to each well and incubated for 30 minutes at RT. The crystal violet solution
was then carefully removed, and wells were washed three times with MQ H20 every
20-30 minutes. The final wash was kept for at least 3 hours and then removed. Plates

were wrapped in Parafilm and stored at 4°C.

Brightfield images were taken using the Confocal Quantitative Image Cytometer (CQ1)
(Yokogawa, Tokyo, Japan) with an excitation power of 20% and an exposure time of
50 ms. The CQ1 did not have a template for our 6-well plates, therefore it was not
possible to image the full wells. Colonies were quantified using the Analyze Particles
function in Fiji after the images were cropped to ensure that the same frame size was
used for all wells. Brightness was set at 150-180, and threshold was set at 0-150. Log2

counts were normalized to the PC-9 shNsc normoxia sample log2 count.

4.3.9. Organotypic brain slice ex vivo invasion assay

4.3.9.1. Brain dissection and slicing

Before starting the experiment, the microtome (VT1200 S, Leica Biosystems (Nuf3loch,
Germany)) was prepared and configured as follows: Speed 0.20 mm/s, amplitude 0.90
mm, thickness 300 pym. Healthy 3-6 months old C57BL/6 mouse heads were provided

by the groups of Professor Wolfgang Kummer and Professor Norbert Weissmann, JLU.

The brain was washed with PBS, followed by 70% and 100% ethanol to remove blood
and hair. The brain was dissected and glued onto the microtome plate against a 5%
agarose block for stabilization. Subsequently, the brain was sliced into 300 um sections
in cold dissection medium (medium recipes are listed in Table 4.10). Slices containing

the striatum were collected and kept in cold dissection medium.
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Next, 1 mL of brain culture medium was added to the wells of a 6-well plate below the
ThinCert cell culture inserts (#657641, Greiner Bio-One (Kremsmdunster, Austria)) and
1 mL on top of the insert. A maximum of two brain slices were transferred to each
insert. Slices were washed twice by carefully removing the medium and adding fresh
medium. After the last wash, 1 mL of brain culture medium was added below the insert

and 500 pL to the insert. Slices were incubated for 3 hours at 37°C.

4.3.9.2. Co-culture
Two days prior to brain dissection, 5.0 x 10° MDA-MB-231 shNsc and shEZH2 cells
were seeded in 6 cm dishes and transferred to the hypoxia chamber the following day

or kept under normoxic conditions for 24 hours before co-culture.

Cells were washed, trypsinized, and resuspended by pipetting up and down, as
described in section 4.3.1. Brain culture medium was added to stop trypsinization, and
cells were counted, as described in section 4.3.1.1. Next, 1 mL of brain culture medium
was added below the insert, and 1 mL containing 3.0 x 10° cells was added to the
insert. Cells and brain slices were incubated together for 3 hours. After incubation, the
medium and cells were carefully removed, and the brain slice was gently washed with
250 pyL PBS. Subsequently 1 mL brain culture medium was added below the insert and
250 uL was added to the insert to avoid the brain slice from drying out. Slices were
incubated at 21% or 1% O:2 for an additional 45 hours. Baseline slices (3 hours) were
fixed by adding 1 mL of 4% PFA (in PBS) below the insert and 1 mL to the insert for
40 minutes. Slices were washed twice with PBS and stored in PBS wrapped in Parafilm

at 4°C. The same procedure was used for slices at 48 hours.

Fixed slices were later stained with 1:2000 DAPI in PBS for 1.5 hours to determine the
brain surface. Slices were washed twice with PBS and once with deionized H20, and
mounted on microscope slides using DAKO mounting medium. The slides were kept

at RT for several hours, then stored to a 4°C fridge.

4.3.9.3. Imaging and analysis
Slides were scanned using the CQ1. Two to four areas with few or no cell clumps in or

near the striatum were scanned with 5 ym steps across the 300 um slices.

« Brightfield: excitation power 20%, exposure time 50 ms

« DAPI and GFP: excitation power 40%), exposure time 500 ms
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Contrast enhancement: 100-500 for DAPI, 100-4000 for GFP

The surface of the brain slice was determined visually by the first clear DAPI signal on

the same day for all slices. Further analysis was performed in Fiji.

GFP brightness was set at 100-10000

Thresholds were determined per picture

Adjustable watershed was used with a tolerance of 0.1

GFP-positive cells were counted per stack using Analyze Particles (size 78-
17663 pixels)

GFP intensity was determined using histogram measurements

The last stack was used as a negative control; only stacks with intensity = 20

and at least one visible cell were considered GFP-positive

Data from different areas of the same slice were considered technical replicates;

different mouse brains were considered biological replicates. For distribution analysis,

only areas without clumps with at least 20 cells were analyzed. Log2 data were used

for distribution analysis.

Net invasion was calculated using the formula:

Net invasion depth per mouse (um) = Total depth at 48h - Average total depth at 3h

Table 4.10: Organotypic brain slice ex vivo invasion assay media recipes.

Media Recipe

Dissection medium 94.1 mL MEM, 1 mL GlutaMAX, 1 mL -(+)-Glucose, 2.5 mL

HEPES, 2 mL Pen-Strep, 400 uL NaOH.
pH was adjusted to 7.3-7.4 by using hydrochloric acid
solution and NaOH.

Brain culture medium 42 mL MEM, 25 mL BME, 25 mL horse serum, 1 mL

GlutaMAX, 1.5 mL -(+)-Glucose, 2.5 mL HEPES, 1 mL Pen-
Strep, 2 mL sodium bicarbonate, 1 ml Amphotericin B.

pH was adjusted to 7.3 by using hydrochloric acid solution
and NaOH.

4.3.10. Statistical analysis

All data are presented as mean * SD. Statistical analyses were performed using

GraphPad Prism version 8.4.3. The specific statistical tests used are indicated in the
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corresponding figure legends. Statistical significance was defined as follows: ns, p >
0.05; * p<0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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