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IV Abstract 

Pancreatic Ductal Adenocarcinoma (PDAC) remains a dismal malignancy with a 5-year sur-

vival rate of less than 10%. Predominately, chemoresistance mediated by the dynamic cel-

lular plasticity induced through epigenetic alterations accounts for the high mortality rates 

of PDAC. The histone methyltransferase enhancer of zeste homolog 2 (EZH2), the catalytic 

component of the polycomb repressive complex 2 (PRC2), is frequently found overex-

pressed in PDAC and has crucial functions in the evasion of tumor-suppressive mecha-

nisms. However, recent studies suggest a huge context-dependency of oncogenic EZH2 

activity.  

The tumor suppressor p53 is well characterized for its anti-tumorigenic capacities. However, 

in human PDAC, TP53 mutations occur with a prevalence of 50-80%, potentially resulting 

in the loss of tumor suppressor function and the gain of oncogenic function suggesting a 

TP53-status-dependent functional behaviour of a cell. However, whether and to what extent 

mutations of TP53 indeed functionally or mechanistically influence EZH2-dependent pro-

cesses in PDAC remains largely elusive. In this study, the impact of a specific genetic back-

ground on the activity of epigenetic processes has been investigated. The major aim was 

to illuminate TP53-status-dependent oncogenic EZH2 activity in PDAC progression. 

Functionally, we demonstrate that EZH2-dependent target gene regulation is determined 

by the TP53-status and that EZH2 depletion correlates with a better prognosis only in 

TP53wt PDAC. Moreover, we reveal that EZH2 depletion combined with chemotherapy in-

creases apoptosis induction restrictively in TP53wt cells. Hence, our study highlights a 

strong context-dependency of the EZH2 activity specifically regarding the TP53-status. 

Therefore, our data suggest that in PDAC subtypes with TP53wt-status, EZH2 depletion 

together with chemotherapy might represent a beneficial strategy to tackle PDAC, whereas 

in TP53-mutant PDAC, EZH2 depletion is not advantageous. 

Furthermore, our findings imply that EZH2 influences p53wt expression on a post-transla-

tional level and illustrate that EZH2 targets the CDKN2A gene for transcriptional repression, 

thus abrogating p14ARF/p19Arf-dependent inhibition of Mdm2-mediated p53 degradation. 

Moreover, we reveal that PDAC formation is promoted despite TP53wt-status and low EZH2 

expression, if EZH2-independent CDKN2A repression occurs, thus demonstrating the im-

portance of an intact CDKN2A-TP53wt axis for a beneficial outcome of EZH2 inhibition in 

PDAC. Moreover, we revealed the existence of a previously unknown EZH2-p53-complex 

in PDAC, suggesting that also non-canonical functions of EZH2 may contribute to PDAC 

progression. 
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Conclusively, our data underline the significance of patient stratification to predict and im-

prove EZH2 inhibition as a potential treatment strategy in PDAC.  
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1 Introduction 

1.1 Pancreatic Ductal Adenocarcinoma  

The Pancreas 

The pancreas is a 12-18 cm long exo- and endocrine gland that lies behind the stomach in 

the middle of the abdomen with close contact to the duodenum, the spleen, and the gall 

bladder (Beger 2018). The exocrine compartment accounts for 99% of the gland and pro-

duces digestive enzymes, including trypsin, amylase, and lipases. These enzymes are se-

creted via a system of pancreatic ducts into the duodenum (Beger 2018). On the contrary, 

the endocrine part constitutes only 1-2% of the pancreas and is involved in the carbohy-

drate, lipid, and protein metabolism by producing hormones like insulin, glucagon, somato-

statin, and pancreatic polypeptide (Beger 2018).  

 

Pancreatic Ductal Adenocarcinoma  

The most common type of pancreatic cancer is pancreatic ductal adenocarcinoma (PDAC) 

responsible for 90% of all pancreatic tumors arising from the exocrine compartment 

(Hackeng et al. 2016). PDAC is one of the most aggressive cancer types with a survival 

rate remaining constantly under 10% which is the lowest survival rate among all solid tumors 

(Siegel et al. 2018). Hence, despite PDAC being only the tenth most frequent cancer entity 

in the United States, it is the third most common cause of cancer-related death (Tavakkoli 

et al. 2020). Given the low survival rate, growing incidence, and no major improvement in 

the mortality rate, PDAC is predicted to become the second leading cause of cancer-related 

deaths by 2030 in the United States (Rahib et al. 2014). The major reasons for the poor 

prognosis of PDAC are the very late diagnosis, rapid tumor growth, early metastasis, re-

sistance to conventional chemotherapy, and mostly unresectable tumors (Hessmann et al. 

2020). Consequently, there is great urgency and importance to increase the knowledge on 

molecular mechanisms underlying PDAC to develop novel therapeutic strategies to improve 

PDAC patient outcome and survival. 

 

PDAC therapy 

Despite extensive progress in targeted cancer treatment in other tumor entities as exempli-

fied by breast cancer and colorectal cancer (Tsuchida et al. 2019, Linnekamp et al. 2015), 

PDAC therapy mostly still relies on surgical resection and systemic chemotherapy. 
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However, pancreatic resection still constitutes the only potentially curative treatment possi-

bility for PDAC (Adamska et al. 2017). Given that PDAC is mostly diagnosed at a locally 

advanced or metastatic stage, only 20% of all cases are operable (Strobel et al. 2019). 

Additionally, the recurrence rate after resection is about 40% within the first 6-24 months 

demonstrating that surgical resection is very important but also limited (Hishinuma et al. 

2006). 

Besides surgical resection, chemotherapy is the main therapeutic treatment choice and the 

only option for metastatic PDAC. The standard chemotherapy for the past decades is based 

on gemcitabine monotherapy (Burris et al. 1997). However, gemcitabine resistance, which 

may be caused by the extensive stroma formation, is often observed in PDAC and limits the 

use of gemcitabine monotherapy (Kim and Gallick 2008, Neesse et al. 2011, Kamisawa et 

al. 2016). Therefore, improved therapy response and prolonged survival can be achieved 

through treatment with the combination of nanoparticle albumin-bound paclitaxel (nab-

paclitaxel) plus gemcitabine (Von Hoff et al. 2013). To the present day, the most effective 

chemotherapeutic regiment for patients in a generally good condition with metastatic PDAC 

and for adjuvant therapy after PDAC resection is the FOLFIRINOX regiment combining leu-

covorin, 5-fluorouracil (5-FU), irinotecan, and oxaliplatin (Conroy et al. 2011). Given the 

development of chemoresistance frequently observed in PDAC and the success in other 

tumor entities such as breast cancer and colorectal cancer (Tsuchida et al. 2019, 

Linnekamp et al. 2015), targeted therapy moved to the focus of PDAC therapy, especially 

for second-line therapy (Moore et al. 2007, Sohal et al. 2018). Unfortunately, to date, no or 

only marginal improvements were achieved. However, Moore et al. showed that the use of 

the human epidermal growth factor receptor (HER1/EGFR) inhibitor erlotinib in combination 

with gemcitabine revealed a prolonged progression-free and overall survival in comparison 

to gemcitabine monotherapy at least in a subgroup of PDAC patients as the first example 

of targeted therapy in advanced PDAC (Moore et al. 2007). Another more recent example 

of targeted therapy in PDAC is the use of poly adenosine diphosphate (ADP)-ribose poly-

merase (PARP) inhibitors in BRCA1/2-deficient PDAC (Golan et al. 2019). PDAC that lack 

the BRCA-mediated DNA damage repair mechanisms strongly rely on the PARP-mediated 

DNA damage repair pathway to extend survival. Hence, if PARP is inhibited by PARP in-

hibitors, such as Olaparib, tumor cells undergo apoptosis. Consequently, Olaparib is ap-

proved in the United States for the maintenance treatment of advanced PDAC harboring a 

germline BRCA1/2 mutation and that responded to platinum-based chemotherapy (Golan 

et al. 2019, Chi et al. 2021). 
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However, despite considerable advances in cancer treatment in general, resistance to ther-

apy remains a big challenge, particularly in PDAC. Therefore, a better understanding of the 

precise tumor biology in PDAC is necessary to conquer treatment resistance and to identify 

new susceptible targets in PDAC.  

 

Carcinogenesis of PDAC 

Histologically, the pancreas consists of exocrine acinus cells, ductal cells, and endocrine 

cells (Beger 2018). Although the specific cell of origin of PDAC has been a question of 

controversial debate for many years, lineage-tracing experiments suggest an acinar origin 

for PDAC since acinar cells reveal high cellular plasticity (Parsa et al. 1985, Habbe et al. 

2008, De La et al. 2008). Given that the pancreas presumably lacks a defined stem cell 

compartment, this cellular plasticity of acinar cells necessarily mediates pancreatic homeo-

stasis and regeneration (Puri et al. 2015). During this process, acinar cells can trans-differ-

entiate into ductal-like cells in response to different stimuli, including inflammation, stress, 

and tissue damage (Kopp et al. 2012, Gidekel Friedlander et al. 2009). This process is 

named acinar-to-ductal metaplasia (ADM), required for normal pancreatic regeneration but 

also a suitable initial step for the beginning of PDAC carcinogenesis (Figure 1) (Storz 2017).  

 

Figure 1: Schematic illustration of the histopathological carcinogenesis of PDAC. Initially, dur-

ing acinar-to-ductal metaplasia (ADM) acinar cells trans-differentiate into ductal cells. In a stepwise 

process, pancreatic ductal adenocarcinoma (PDAC) evolves from increasing stages of early pancre-

atic intraepithelial neoplasia (PanIN1-3) which are graded and characterized by the loss of cellular 

polarity and nuclear atypia. (Figure legend continued on next page). 



1 Introduction 

4 
 

Common genetic alterations, including constitutive activation of KRAS as well as loss of CDKN2A, 

TP53, and DPC4 foster PDAC progression. Additionally, epigenetic alterations highly contribute to 

PDAC carcinogenesis. Modified from (Hruban et al. 2000, Morris et al. 2010, Orth et al. 2019). 

 

The major reason why ADMs cannot dedifferentiate but rather progress into pancreatic in-

traepithelial neoplasia (PanIN), is the activating mutation of the oncogene KRAS occurring 

nearly ubiquitously in more than 95% of all PDACs (Bailey et al. 2016, Hruban et al. 2008, 

Ying et al. 2016). These PanIN lesions are the most common PDAC precursors and can be 

graded into PanIN1-3 with consideration to their histopathological characteristics, including 

the loss of cellular polarity and nuclear atypia. The additional accumulation of different mu-

tations of several tumor suppressor genes, namely CDKN2A, TP53, and DPC4, fosters the 

progression to PDAC (Waddell et al. 2015). Moreover, epigenetic re-programming highly 

contributes to PDAC formation and plays a significant role in PDAC carcinogenesis (Roe et 

al. 2017, McDonald et al. 2017, Lomberk et al. 2018) (Figure 1). 

 

Genetic Hallmarks of PDAC 

Although PDAC is genetically a very heterogeneous disease with mutations affecting a wide 

spectrum of different genes, four common driver mutations that characterize PDAC, include 

the activation of KRAS and the inactivation of CDKN2A, TP53, and DPC4 (Waddell et al. 

2015). As stated earlier, KRAS mutations can be found in 95% of all PDAC cases highlight-

ing the central role in PDAC initiation (Bailey et al. 2016, Hruban et al. 2008). The K-Ras 

protein, encoded by KRAS, is a member of the RAS superfamily mediating crucial cellular 

functions such as differentiation, proliferation, and survival (Campbell et al. 1998, 

Malumbres and Barbacid 2003). K-Ras is a GTPase meaning that it binds to guanosine 

triphosphate (GTP) (active) and hydrolyses it into guanosine diphosphate (GDP) (inactive). 

In the GTP-bound active state, it can activate various downstream signaling pathways, in-

cluding the MAPK/ERK pathway, the phosphoinositide 3-kinase (PI3K), and the RalGDS 

pathway (Mihaljevic et al. 2010, Wittinghofer et al. 1997). One very common mutation of 

KRAS in PDAC is the glycine to aspartate point mutation at codon 12 (KRASG12D), leading 

to a permanent binding of K-Ras to GTP resulting in constitutive activation and stimulation 

of proliferation, differentiation, and survival without an external stimulus (Malumbres and 

Barbacid 2003). Studies in mice demonstrate that KRAS mutation alone is sufficient to ini-

tiate the development of PanIN lesions equal to human lesions, but only rarely leads to full 
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PDAC demonstrating that additional oncogenic events need to accumulate to progress to 

full neoplasia (Hingorani et al. 2003). 

The second hit found in about 90% of all PDACs is the loss of the tumor suppressor 

CDKN2A, encoding for two different proteins with different promotors: p16INK4a and p14ARF 

in humans or p19Arf in mice, respectively (Waddell et al. 2015, Serrano 2007). P16INK4a has 

a crucial role in cell cycle regulation by blockade of the cyclin-dependent kinases 4 and 6 

(CDK4, CDK6) resulting in inhibition of the transition from G1 to S-phase (Serrano 2007). 

P14ARF in humans and p19Arf in mice inhibit Mdm2, thereby preventing the Mdm2-mediated 

proteasomal degradation of p53 leading to the stabilization of p53 (Kamijo et al. 1998, 

Pomerantz et al. 1998). Consequently, the loss of the tumor suppressor CDKN2A fosters 

cell cycle progression and destabilization of p53. 

The tumor-suppressive function of p53 is not only hindered indirectly through mutations of 

CDKN2A but very frequently also directly through mutations of TP53. These mutations are 

observed in 50-80% of all PDACs, mainly in late-stage PanIN lesions (DiGiuseppe et al. 

1995, Waddell et al. 2015) (Figure 1) leading to the loss of tumor suppressor function and 

even to oncogenic gain-of-function (GOF) (Freed-Pastor and Prives 2012, Brosh and Rotter 

2009). The precise role of p53 in PDAC and the consequences of TP53 mutations are de-

scribed in more detail in 1.2 The Tumor Suppressor p53 (see p. 6). 

Another frequent driver mutation in PDAC associated with late-stage PanIN lesions ob-

served in 50% of all patients is the inactivating mutation of DPC4, coding for SMAD4, a 

central regulator in TGFβ signaling (Hahn et al. 1996, Massagué et al. 2000, Waddell et al. 

2015). SMAD4 mediates the translocation of activated receptor SMADs into the nucleus, 

thereby facilitating gene transcription (Xia et al. 2015). Although TGFβ signaling is highly 

context-dependent revealing a dual role of tumor-suppressive and tumor-promoting effects, 

the loss of SMAD4 is rather associated with oncogenic consequences in PDAC (Xia et al. 

2015). 

Additionally, besides these four driver mutations, a huge number of bystander mutations 

occur in PDAC affecting a variety of cellular processes, including RNA processing, DNA 

repair, Wnt signaling, and epigenetic-associated functions. Although the incidences of these 

bystander mutations decline to less than 10%, they do have prognostic and therapy-predic-

tive relevance (Bailey et al. 2016, Morris et al. 2010). 
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1.2 The Tumor Suppressor p53 

The role of wildtype p53 

The protein p53, encoded by the well-studied TP53 gene, is one of the most important tumor 

suppressor proteins which acts as a transcriptional activator inducing cell cycle arrest, se-

nescence, or apoptosis (Vousden and Lu 2002). In unstressed cells, p53 is a transient pro-

tein with a short half-life undergoing proteasomal degradation mediated through ubiquitina-

tion by its negative regulator Mouse double minute 2 homolog (Mdm2). Hence, the protein 

is frequently not detectable in unstressed conditions although p53 mRNA can be measured 

(Lakin and Jackson 1999). However, upon internal and external stress signals, including 

oncogenic and genotoxic stress, p53 induces characteristic tumor protective functions 

(Vousden and Lu 2002). Hence, p53 is stabilized and activated through plenty of post-trans-

lational modifications, including the initial phosphorylation of serine 15 abolishing Mdm2 to 

bind and destruct p53 (Kruse and Gu 2008, Brooks and Gu 2010). Upon final acetylation of 

p53, it forms homo-tetramers and induces the transcription of its target genes which are 

predominantly involved in the regulation of cell cycle progression, senescence, and cell 

death pathways (Brooks and Gu 2010, Fischer 2017). Therefore, in 1992 p53 was desig-

nated as ‘the guardian of the genome’ demonstrating the significant role of p53 in monitoring 

the integrity of the genome (Lane 1992).  

Structurally, p53 consists of 393 amino acids (aa) and is located in the nucleus. It contains 

an N-terminal transactivation domain (TAD), followed by a proline-rich region (PRR). The 

DNA-binding domain consists of 198 aa and is in the center of the protein followed by a 

flexible linker region, an oligomerization domain (OD), and the C-terminal regulatory domain 

(CTD) (Joerger and Fersht 2010) (Figure 2).  

 

 

Figure 2: Domain structure of the protein p53. The wildtype protein p53 consists of 393 amino 

acids (aa). In the N-terminal, p53 contains the transactivation domain (TAD), which can be subdi-

vided into TAD1 and TAD2, and the proline-rich region (PRR), followed by the central DNA-binding 

domain, a flexible linker region (grey), an oligomerization domain (OD), and the C-terminal regulatory 

domain (CTD). Red dots indicate the most common mutation sites. Modified after Joerger and Fersht 

2010. 
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Regulation of p53 by Mdm2 

As previously mentioned, in normal unstressed cells p53 is quickly degraded by E3-ligases, 

such as Mdm2, C-terminus of HSC70-Interacting Protein (CHIP), and MdmX. However, the 

most prominent negative regulator of p53 is Mdm2 (Jones et al. 1995, Montes de Oca Luna 

et al. 1995). Mdm2 regulates p53 through two mechanisms indicating the importance of the 

Mdm2-dependent p53 regulation. Mainly, Mdm2 acts as an E3 ligase mediating posttrans-

lational ubiquitination of p53 leading to proteasomal degradation. Additionally, Mdm2 can 

also bind to the TAD of p53 preventing the transcriptional activation thereby suppressing its 

function as a transcription factor (Jones et al. 1995, Montes de Oca Luna et al. 1995, 

Iwakuma and Lozano 2003, Toledo et al. 2006). Interestingly, besides this negative regula-

tory function, Mdm2 is also a transcriptional p53 target gene. This dual role of Mdm2 as a 

negative regulator and a transcriptional target of p53 demonstrates the tightly regulated 

balance of both proteins by the generation of a negative feedback loop. 

 

A functional triangle – p53, Mdm2, and p14ARF/p19Arf  

Mdm2 itself is inhibited by p14ARF in humans or p19Arf in mice, thereby indirectly activating 

p53 (Lowe and Sherr 2003) (Figure 3). Upon activation by oncogenic stress, as exemplified 

by the moderate presence of Myc or mTOR, p14ARF/p19Arf disrupts the p53-Mdm2 complex 

by sequestration of Mdm2 into the nucleus, thus abolishing Mdm2-dependent p53 destruc-

tion in the cytoplasm (Weber et al. 1999, Sherr 2006). Additionally, p14ARF/p19Arf can also 

directly prevent Mdm2 E3 ligase function leading to p53 stabilization (Honda and Yasuda 

1999, Llanos et al. 2001). The tightly regulated complexity of this functional triangle is sup-

ported and expanded by the findings that activated p53 decreases p14ARF/p19Arf expression 

through polycomb group (PcG) proteins and histone deacetylases (HDAC) leading to epi-

genetic silencing p14ARF/p19Arf (Zeng et al. 2011, Kung and Weber 2022). 
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Figure 3: Functional triangle of p53, Mdm2, and p14ARF/p19Arf regulation. Schematic illustration 

of the complexity of the p53, Mdm2, p14ARF/p19Arf regulation. Upon oncogenic stress, p14ARF/p19Arf 

is activated and inhibits Mdm2, the negative regulator of p53. P53 itself is activated through cellular 

stress, induces the transcription of Mdm2, and represses the expression of p14ARF/p19Arf. Upon ac-

tivation, p53 induces tumor-suppressive functions, such as cell cycle arrest, senescence, and/or 

apoptosis.  

 

The role of mutant p53 

Given the significant role of p53 in inducing tumor-suppressive functions, mutations in the 

TP53 gene can be frequently detected in cancer cells resulting in the loss of tumor suppres-

sor function and oncogenic GOF (Freed-Pastor and Prives 2012, Brosh and Rotter 2009). 

Indeed, more than 50% of all human tumors and 50 – 80% of all PADC patients harbour a 

mutation in the TP53 gene rendering TP53 the most frequently mutated gene in cancer 

(Vogelstein et al. 2000, Waddell et al. 2015).  

Moreover, the significant impact of mutant p53 on tumor formation is highlighted by a rare 

hereditary disease, called Li-Fraumeni syndrome (Fraumeni and Li 1969). This familial 

cancer syndrome is an autosomal-dominant disease caused by germline mutations in TP53. 

With a high prevalence, these germline TP53 mutations result in multiple malignant tumors, 

including sarcoma and breast cancer (Fraumeni and Li 1969, Malkin et al. 1990). 

Additionally, studies using a p53-/- mouse model constitutively lacking p53 reveal that 75% 

of these mice develop tumors, predominantly sarcoma and lymphoma within six months 

supporting the importance of p53 as a tumor suppressor (Donehower et al. 1992).  
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In the pancreas, p53 mutations occur in late-stage PanIN lesions, usually not earlier than 

PanIN3, and force the progression towards invasive PDAC (DiGiuseppe et al. 1995). Given 

the crucial role of p53 in DNA damage response, it is hypothesized that one reason for the 

genomic instability in PDAC is the TP53 mutation frequently observed in PDAC (Mihaljevic 

et al. 2010). Furthermore, PDACs harbouring TP53 mutations are characterized by high 

stromal content, dedifferentiation, and accelerated epithelial-to-mesenchymal-transition 

(EMT) capacities resulting in a higher aggressiveness and worse prognosis of these PDACs 

(Brosh and Rotter 2009, Waddell et al. 2015, Bailey et al. 2016). 

Mutations of TP53 predominantly occur within the DNA binding domain of p53 abolishing 

transcriptional activity of tumor-suppressive-related target genes. The most common TP53 

mutations in all cancer types are missense mutations, such as R175H, R248Q/W, and 

R273H/C, resulting in single amino-acid substitutions (Petitjean et al. 2007, Bouaoun et al. 

2016) (Figure 2). Given that most mutations are monoallelic, meaning that only one allele 

of p53 is mutated whereas the second allele is still wildtype, mutant p53 displays a domi-

nant-negative activity over wildtype p53. This phenomenon is called loss of heterozygosity 

(Petitjean et al. 2007).  

Alterations in the TP53 locus lead to an altered gene product which highly accumulates 

within the cells up to levels that surpass p53 wildtype levels because the strict Mdm2-p53 

regulation is abolished in tumors with mutant p53 resulting in tremendous stabilization and 

accumulation of mutant p53 (Lukashchuk and Vousden 2007). Functionally, these muta-

tions of p53 result not only in the loss of tumor suppressor function such as dysregulation 

of cell cycle progression and apoptosis but also in oncogenic gain-of-function as exemplified 

by supporting cell invasion and migration as well as induction of genomic instability demon-

strating the significance of the TP53 status for the cancer cell behaviour (Brosh and Rotter 

2009, Freed-Pastor and Prives 2012, Alexandrova et al. 2017, Mantovani et al. 2019). The 

loss of the tumor-suppressive functions of mutant p53 can be explained by the loss of the 

ability to bind to p53 wildtype DNA binding elements, thereby losing the activity to induce 

the transcription of typical p53 wildtype target genes, including BAX, BBC3, and CDKN1A 

(Brosh and Rotter 2009, Freed-Pastor and Prives 2012). Additionally, the aforementioned 

accumulation of the mutant p53 protein is a crucial mechanism for mediating oncogenic 

GOF and correlates with worse survival (Terzian et al. 2008, Brosh and Rotter 2009, Oren 

and Rotter 2010, Freed-Pastor and Prives 2012). Hence, specifically those mutants with the 

ability to be highly stabilized can accumulate within the tumor cells resulting in mediating 

oncogenic GOF. Accumulated mutant p53 can, for instance, bind to other transcription     

(co-) factors, as exemplified by NF-Y, SREBP, and NRF2, leading to altered transcriptional 
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activities resulting in tumor progression (Freed-Pastor and Prives 2012, Di Agostino et al. 

2006, Dupont et al. 2009, Stambolsky et al. 2010). Moreover, it was shown that accumu-

lated mutant p53 interacts with the SWI/SNF complex in breast cancer, thereby altering the 

chromatin structure and resulting in altered gene expression (Pfister et al. 2015). Conclu-

sively, the loss of tumor suppressor functions as well as oncogenic GOF of mutant p53 

significantly influences the cancer cell behaviour. 

 

1.3 Apoptosis – A mechanism to induce programmed cell death 

The ability of cells to kill themselves in a highly programmed, energy-dependent manner is 

named programmed cell death or apoptosis (Kerr et al. 1972). Importantly, in contrast to 

necrosis, this process does not induce inflammation, but is a rather physiological mecha-

nism occurring during aging and development to preserve homeostasis in cellular networks 

in different tissues and organs (Norbury and Hickson 2001). Additionally, apoptosis can be 

induced due to several apoptotic signals, such as irreversible DNA damage, to avoid harm-

ful, potentially cancer-causing consequences for the organism (Norbury and Hickson 2001). 

Consequently, biochemical mechanisms, predominantly the activation of different cysteine 

proteases named ‘caspases’ orchestrate characteristic morphological changes, including 

disturbance of cellular membranes, breakdown of the cytoplasmic and nuclear skeleton, 

extrusion of the cytosol, fragmentation of the nucleus, formation of apoptotic bodies, ex-

pression of phagocytic ligands, and elimination through phagocytosis (Wyllie et al. 1980).  

Generally, there are two different ways to activate the highly coordinated apoptotic pro-

cesses: the intrinsic mitochondrial pathway and the extrinsic death receptor pathway (Fig-

ure 4) (Elmore 2007). The intrinsic pathway is a response to cellular stress situations in-

cluding DNA damage. Importantly, the p53 pathway plays a crucial role in the activation of 

pro-apoptotic pathways. Upon DNA damage, p53 gets activated and induces the transcrip-

tion of pro-apoptotic BH3-only proteins, PUMA, NOXA, and BIM (Aubrey et al. 2018). Nor-

mally, pro-survival proteins of the BCL2 family as exemplified by BCL-XL and BCL-2, avoid 

apoptosis activation. However, the accumulation of pro-apoptotic BH3-only proteins leads 

to the blockade of the pro-survival BCL2 family members resulting in the assembling of the 

apoptotic effector proteins BAX and BAK in the outer mitochondrial membrane (Aubrey et 

al. 2018). The induction of BAX and BAK in turn induces the permeabilization of the outer 

mitochondrial membrane resulting in an extensive release of cytochrome C (Elmore 2007). 

Highly augmented cytochrome C levels induce the activation of caspase 9 through several 

intermediate steps. Caspase 9 is the most essential caspase of the intrinsic apoptosis 
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pathway and can cleave and activate caspase 3 which has several target proteins that are 

cleaved for subsequent progression of apoptosis. 

The extrinsic pathway gets activated upon extracellular binding of so-called death ligands 

such as Fas ligand, tumor-necrosis factor (TNF), and TNF-related apoptosis-inducing ligand 

(TRAIL) to transmembrane receptors of the TNF receptor family (Elmore 2007). Following 

ligand binding and receptor activation, cytoplasmic adapter proteins including Fas-associ-

ated death domain (FADD) are recruited forming a stable multiprotein death-inducing sig-

naling complex (DISC) by binding with caspase 8 (Figure 4). This binding leads to the acti-

vation of caspase 8, the central caspase of the extrinsic death receptor pathway (Kischkel 

et al. 1995). Subsequently, caspase 8 cleaves and activates caspase 3 resulting in the 

progression of apoptosis (Figure 4) (Elmore 2007).  

 

 

Figure 4: Schematic illustration of the intrinsic and extrinsic apoptosis pathway.Simplified 

overview of the intrinsic mitochondrial pathway (left) and the extrinsic death receptor pathway (right). 

Intrinsic mitochondrial pathway: Various pro-apoptotic signals (e.g., DNA damage) induce p53 sig-

naling leading to activation of pro-apoptotic BH3 only proteins and inhibition of pro-survival BCL2 

family proteins. (Figure legend continued on next page). 
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Subsequently, BAX and BAK are released and can induce pore formation into the outer mitochondrial 

membrane resulting in the release of cytochrome C which then activates caspase 9. Caspase 9 

induces activation of caspase 3 leading to apoptosis. Extrinsic death receptor pathway: Upon extra-

cellular binding of a death ligand (e.g., FAS ligand), the death receptor gets activated. The adapter 

protein Fas-associated death domain (FADD) induces caspase 8 activation, followed by caspase 3 

activation and subsequent apoptosis progression. The figure was created with BioRender.com. 

 

Given the DNA damage-inducing activity of several chemotherapeutic agents, these drugs 

can be utilized to force apoptotic processes in cancer cells to eliminate cancerous cells in 

a programmed and coordinated manner. However, malignant cells harbour of mutations 

and mechanisms to evade apoptosis. Not surprisingly, almost 100% of all PDAC patients 

carry mutations associated with apoptosis pathways including mutations in TP53 demon-

strating the significance of pro-apoptotic processes in cancer therapy but also the escape 

mechanisms of cancer cells to conquer drug-induced apoptotic processes (Jones et al. 

2008). 

 

1.4 Molecular Subtyping of PDAC 

Given the diverse genetic and epigenetic heterogeneity and the therapy resistance fre-

quently observed in PDAC, molecular subtyping approaches were conducted to identify 

similarities and differences in the molecular characteristics of different PDAC patients. Var-

ious collaborative studies aimed to classify PDAC to elucidate novel therapeutic options 

and to optimize overall survival upon PDAC therapy. Based on the success of classifying 

other tumor entities as exemplified by gastric cancer, breast cancer, and lung cancer in the 

past years (Alexandrov et al. 2015, Bettaieb et al. 2017, Politi and Herbst 2015) whole-

genome sequencing studies and transcriptional profiling analyses were performed in PDAC 

to also identify molecular subgroups of PDAC (Collisson et al. 2011, Biankin et al. 2012, 

Moffitt et al. 2015, Bailey et al. 2016, Raphael et al. 2017, Puleo et al. 2018, Chan-Seng-

Yue et al. 2020). Indeed, mainly based on transcriptomic profiles, and partially on different 

mutations, PDAC can be generally categorized into two transcriptional subtypes: basal-like 

and classical subtype. The basal-like subtype includes previously identified subtypes, such 

as quasi-mesenchymal (Collisson et al. 2011), squamous (Bailey et al. 2016), and pure-

basal (Puleo et al. 2018) subtypes and is associated with undifferentiated histology, in-

creased chemoresistance, and worst prognosis (Aung et al. 2018, Moffitt et al. 2015). On 

the contrary, the classical subtype includes earlier named subtypes like pancreatic 

http://biorender.com/
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progenitor (Bailey et al. 2016) and pure classical (Puleo et al. 2018) subtype and is associ-

ated with better-differentiated histology, improved responsiveness to chemotherapy, and a 

better overall prognosis (Aung et al. 2018).  

Besides the subtype-specific differences in chemosensitivity and prognosis, basal-like and 

classical subtypes also differ on a molecular level with differences in the expression of gene 

signatures and epigenetic alterations. The basal-like subtype for instance reveals a more 

mesenchymal gene expression profile, whereas the classical subtype shows an epithelial 

gene signatures (Bailey et al. 2016, Collisson et al. 2011, Biankin et al. 2012, Moffitt et al. 

2015, Raphael et al. 2017, Puleo et al. 2018, Chan-Seng-Yue et al. 2020, Aung et al. 2018, 

Lomberk et al. 2018). 

Additionally, specifically, the expression of distinct super enhancers and their upstream reg-

ulators are unique for each subtype (Lomberk et al. 2018). While the classical subtype is 

highly dependent on numerous distinct super enhancers (250), the basal-like subtype relies 

only on some (30) of them. As crucial regulatory elements, super enhancers strongly regu-

late cell- and state-specific functions through binding with specific transcription factors (Pott 

and Lieb 2015, Whyte et al. 2013). Consequently, molecular stratification followed by a 

subtype-specific PDAC treatment provides the opportunity for personalized medicine (Aung 

et al. 2018) 

The most crucial transcription factors controlling classical subtype-specific gene signatures 

are GATA6, PDX1, BMP1, and HNFs, thereby altering pancreatic morphogenesis (Lomberk 

et al. 2018, Lomberk et al. 2019). Whereas basal-like subtype-specific super enhancers are 

predominantly controlled by MET, ∆Np63, and MYC resulting in altering pathways involved 

in proliferation and epithelial-mesenchymal transition (EMT) (Lomberk et al. 2018, Lomberk 

et al. 2019, Hamdan and Johnsen 2018, Somerville et al. 2018, Andricovich et al. 2018). 

Recently, it has been shown that these distinct subtype-specific transcription factors are 

under strong epigenetic control by either acting as transcriptional co-regulators or influenc-

ing their expression (Patil et al. 2020, Andricovich et al. 2018). These findings provide the 

opportunity to force a switch in the subtype identity by altering these subtype-determining 

factors by interfering with the epigenetic machinery (Patil et al. 2020, Andricovich et al. 

2018). Indeed, the dynamic character of epigenetic mechanisms leads to a high plasticity 

between the basal-like and the classical subtype. Accordingly, targeting subtype-specific 

pathways and expression profiles on an epigenetic level offers strategies to identify novel 

vulnerabilities in PDAC therapy. Especially the reversibility of epigenetic regulations and the 

availability of epigenetic inhibitors in clinical application render epigenetic therapy a hopeful 

strategy to sensitize PDAC subtypes to cancer therapy. However, only if the entire 
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complexity of the diverse plasticity has been fully understood it will be feasible to introduce 

safe and effective therapeutic approaches aiming at epigenetics. 

 

1.5 The epigenetic regulatory protein EZH2 

Epigenetic processes 

In addition to the well-characterized genetic mutations including the driver mutations of 

KRAS, CDKN2A, TP53, and DPC4, epigenetic alterations also highly contribute to pancre-

atic cancer development and progression (Figure 1: Schematic illustration of the histopatho-

logical carcinogenesis of PDAC.Figure 1) as well as to PDAC subtype identity (see 1.4 

Molecular Subtyping of PDAC, p. 12) (Chen et al. 2015, Mazur et al. 2015, Roe et al. 2017, 

Lomberk et al. 2019). In contrast to genetic alterations, epigenetic alterations do not result 

in changes in the DNA nucleotide sequence but in heritable but reversible alterations of the 

gene expression. These alterations in gene expression are achieved through distinct mech-

anisms, including non-coding RNAs, DNA methylation, and chromatin modifications and 

remodeling processes (Roy et al. 2014). While non-coding RNAs post-transcriptionally af-

fect gene expression by decreasing mRNA stability, DNA methylation, as well as chromatin 

modification and remodeling processes result in the activation or repression of gene tran-

scription through influencing the accessibility of the transcription machinery to specific 

genes by loosening or condensing DNA packaging, respectively (Hessmann et al. 2017). 

Given the crucial role of epigenetic mechanisms in gene transcription and their effects on 

cellular processes, epigenetic and transcriptional dysregulation can be frequently found in 

PDAC and strongly correlates with accelerated carcinogenesis, tumor progression, and me-

tastasis formation (Mallen-St Clair et al. 2012, Roy et al. 2014, Lomberk and Urrutia 2015, 

Bailey et al. 2016, McDonald et al. 2017, Roe et al. 2017). Importantly, epigenetic mecha-

nisms are highly dynamic and even reversible, thereby providing a powerful tool to alter 

gene expression in a context-dependent manner aiming at inducing tumor-suppressive pro-

cesses and functions in cancer therapies. Indeed, preclinical and clinical studies of phar-

macological inhibition of epigenetic processes reveal promising therapeutic strategies for 

identifying new tumor vulnerabilities or sensitizing cancer cells for chemotherapy 

(Hessmann et al. 2017, Orth et al. 2019, Hessmann et al. 2020). Currently, several clinical 

trials are ongoing examining the clinical use of epigenetic inhibitors (Hessmann et al. 2020, 

Versemann et al. 2022). However, especially in PDAC the effective use is far from being 

clinical routine. 
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DNA methylation represents one epigenetic mechanism leading to stable gene silencing, 

especially when it occurs in the DNA promoter region (Kulis and Esteller 2010). It is medi-

ated by the covalent binding of methyl groups to the DNA caused by DNA-methyltransfer-

ases (DNMTs) (Kulis and Esteller 2010). Interestingly, common tumor-suppressor genes, 

including CDKN2A, are hypermethylated in various cancer types, thereby permanently re-

pressing their expression (Iguchi et al. 2016, Arya et al. 2017, Zhou et al. 2017, Serra and 

Chetty 2018, Lin et al. 2020). To conquer the repression of tumor suppressor genes medi-

ated by DNA methylation in PDAC, DNMTs might be potential targets to inhibit. However, 

previous findings reveal controversial results of the inhibition of DNA methylation demon-

strating the tight context-dependency of epigenetic mechanisms (Shakya et al. 2013, Kohi 

et al. 2016). 

Besides DNA methylation, histone remodeling processes and modifications contribute to 

the control of chromatin conformation, thereby altering non-covalent interactions of so-

called nucleosomes. These nucleosomes are the essential unit of the chromatin consisting 

of 147 bp DNA twisted around an octameric structure of eight histones (two histones each 

of H2A, H2B, H3, and H4) (Roy et al. 2014, Hessmann et al. 2017). Nucleosome remodeling 

alters the whole chromatin architecture by shifting nucleosomes in an ATP-dependent man-

ner achieved by huge multiprotein complexes, such as the switch/sucrose non-fermentable 

chromatin (SWI/SNF) complex (Hasan and Ahuja 2019). Interestingly, alterations of mem-

bers of the SWI/SNF complex occurred in 14% of all PDAC patients associated with poor 

survival and altered susceptibility towards DNA crosslinking agents. These findings demon-

strate the significant role of epigenetic alterations in PDAC prognosis and therapy response 

prediction (Bailey et al. 2016, Yoon et al. 2019, Hasan and Ahuja 2019, Davidson et al. 

2018). 

Histone modifications including acetylation, methylation, ubiquitination, and phosphoryla-

tion are mediated by histone-modifying proteins which generally can be classified into ‘writ-

ers’, ‘eraser’, or ‘readers’ which add, eradicate, or detect histone modifications, respectively 

(Roy et al. 2014, Hessmann et al. 2017). Histone acetylation is a typical histone mark for 

open chromatin and active gene transcription (Sterner and Berger 2000). The addition of 

acetyl groups is mediated by histone acetyltransferases (HAT), whereas the removal is reg-

ulated by histone deacetylases (HDAC). Bromodomain and extra-terminal domain family 

(BET) proteins detect acetylated histone residues, thereby belonging to the group of chro-

matin ‘readers’ (Hessmann et al. 2017). Interestingly, epigenetic processes involved in his-

tone acetylation are frequently found to be altered and imbalanced in PDAC associated with 

PDAC development and progression (Glozak and Seto 2007, Ouaïssi et al. 2014). 
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Consequently, interference with factors involved in histone acetylation moved the focus of 

PDAC therapy. Particularly, BET inhibitors reveal a promising PDAC treatment strategy by 

significantly impeding tumor growth in vivo predominately in combination with HDAC inhib-

itors (Sahai et al. 2014, Mazur et al. 2015, Garcia et al. 2016). However, despite these 

promising results, BET inhibitors are still not used as clinical standard therapy in PDAC 

(Krantz and O'Reilly 2018). 

In addition to these histone acetylation-associated proteins, also methylation of histones, 

particularly at lysine residues, contributes to epigenetic alterations. In contrast to histone 

acetylation which is generally associated with open chromatin and active gene transcription, 

histone methylation results either in gene activation or repression depending on the specific 

localization and the number of methyl groups added (Dambacher et al. 2010). The methyl-

ation of histones is installed by lysine methyltransferases (KMTs) and arginine methyltrans-

ferases (PRMTs) methylating either lysine or arginine residues, respectively (Di Lorenzo 

and Bedford 2011). On the contrary, lysine demethylases (KDMs) remove methylation 

marks (Hessmann et al. 2017). 

 

EZH2 – a methyltransferase 

A key player in the methylation of histones is the polycomb (PcG) repressive complex 2 

(PRC2). PRC2 is formed out of four subunits: enhancer of zeste homolog 2 (EZH2), sup-

pressor of zeste 12 (Suz12), embryonic ectoderm development (EED), and the histone 

binding domain RaAp46/48 (Figure 5). EZH2 represents the catalytic active domain of the 

PRC2 complex. Canonically, EZH2 mediates trimethylation of histone 3 at lysine 27 

(H3K27me3) installed by the C-terminal SET domain, conserved in nearly all lysine methyl-

transferases (Figure 5) (Cao et al. 2002, Viré et al. 2006). Subsequently, polycomb repres-

sive complex 1 (PRC1) recognizes and binds locally accumulated H3K27me3, finally result-

ing in gene silencing (Margueron et al. 2009, Pasini et al. 2004, Cao and Zhang 2004).  
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Figure 5: Schematic illustration of EZH2 activity. Enhancer of zeste homolog 2 (EZH2) mediates 

trimethylation of histone 3 at lysine 27 (H3K27me3) installed by the SET domain, thus leading to 

condensed chromatin resulting in gene repression. Together with the suppressor of zeste 12 

(Suz12), the embryonic ectoderm development (EED) and the histone binding domain RaAp46/48, 

EZH2 forms the polycomb repressive complex 2 (PRC2). The figure was created with BioRen-

der.com. 

 

However, EZH2 also comprises non-canonical functions. It has been shown that EZH2 post-

translationally methylates different transcription factors such as RAR-related orphan recep-

tor alpha (RORα) and GATA4 (He et al. 2012, Lee et al. 2012). Moreover, EZH2 does not 

only contain repressive but also activating functions, as exemplified through activation of 

STAT3 in glioblastoma or co-activation of androgen receptors by physical interaction in 

prostate carcinoma leading to the activation of downstream signaling (Kim et al. 2013b, Xu 

et al. 2012).  

 

EZH2 in PDAC 

As part of the PRC2 complex, EZH2 reveals crucial functions during tissue development in 

establishing cell identity (Avan et al. 2012). However, EZH2 is frequently overexpressed in 

various solid cancer entities, including breast, prostate, gastric, and lung cancer (Kleer et 

al. 2003, Varambally et al. 2002, Matsukawa et al. 2006), mostly associated with poor prog-

nosis, early pathogenic onset, and tumor progression (Wang et al. 2016, Huqun et al. 2012). 

Accordingly, low EZH2 expression levels are related to metastasis-free survival in breast 

cancer (Kleer et al. 2003). Importantly, in PDAC as well, EZH2 is found to be highly ex-

pressed mediating oncogenic functions associated with high tumor grading and worse 

http://biorender.com/
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survival (Chen et al. 2017, Ougolkov et al. 2008). Recently, it has been shown that EZH2 

fosters pro-tumorigenic processes by controlling proliferation, clonogenicity, cellular plastic-

ity and dedifferentiation in vitro as well as mediating PDAC development and progression 

in vivo (Chen et al. 2017, Patil et al. 2020). Furthermore, EZH2 expression and activity 

correlated with a more aggressive and invasive PDAC phenotype. Mechanistically, EZH2 

silences GATA6 expression thereby counteracting less aggressive classical PDAC subtype 

identity (Patil et al. 2020). 

Consequently, EZH2 inhibitors such as tazemetostat (EPZ-6438) have been developed and 

are in clinical trials for hematological and solid malignancies, including PDAC (Hessmann 

et al. 2020, Versemann et al. 2022). However, the strong context-dependency of epigenetic 

processes and their inhibition suggest that the precise context-determining conditions of 

EZH2 inhibition should be examined before clinical use and that the inhibition needs to be 

carefully conducted. In colorectal and ovarian cancer, for instance, beneficial outcome of 

EZH2 inhibition was predominantly restricted to tumor subtypes bearing an inactivation of 

the SWI/SNF complex (Kim et al. 2015, Bitler et al. 2015). However, our knowledge about 

context-determining mechanisms in PDAC is incomplete. Hence, deeper mechanistic and 

functional insights into context-determining conditions need to be elucidated to safely use 

EZH2 inhibitors and predict their clinical outcome. 

 

1.6 Aim of this study 

Epigenetic processes highly contribute to PDAC carcinogenesis, tumor progression, and 

metastasis formation (Mazur et al. 2015, Roe et al. 2017). Importantly, these epigenetic 

alterations constitute dynamic plasticity and reversibility rendering epigenetic processes 

promising targets for PDAC therapy (Hessmann et al. 2017, Versemann et al. 2022). EZH2 

is the catalytic active domain of the PRC2 complex mediating gene repression (Viré et al. 

2006). Notably, EZH2 is regularly found to be highly expressed in PDAC generally mediat-

ing oncogenic functions (Ougolkov et al. 2008). However, given the strong context-depend-

ency of epigenetic processes in general and EZH2, in particular (Hessmann et al. 2017, 

Ougolkov et al. 2008, Bremer et al. 2021), precise and in-depth analyses are indispensable 

in finding context-determining factors influencing EZH2 activity. Specifically, the diverse and 

heterogeneous genetic alterations occurring in PDAC impacts epigenetic processes in 

PDAC (Waddell et al. 2015, Bailey et al. 2016). Consequently, a comprehensive mechanis-

tic and functional understanding of crucial genetic events is necessary to elucidate EZH2 
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activity in PDAC progression and maintenance to predict the consequences of EZH2 inhi-

bition in PDAC.  

The tumor suppressor p53 is well characterized for anti-tumorigenic capacities including 

cell cycle arrest, senescence, and apoptosis (Vousden and Lu 2002). However, TP53 mu-

tations occur with a prevalence of 50-80% resulting in the loss of tumor suppressor function 

and oncogenic GOF (Waddell et al. 2015, Bailey et al. 2016, Freed-Pastor and Prives 2012). 

Hence, the functional behaviour of a cell highly depends on its TP53-status. However, 

whether and to what extent mutations of the TP53 gene indeed mechanistically or function-

ally influence epigenetic processes in general and EZH2 activity in particular remains mainly 

elusive. Therefore, this study aimed at: 

I Characterizing the impact of the TP53-status on EZH2-dependent target gene 

regulation. 

II Determining the functional consequences and the therapeutic potential of EZH2 

inhibition with regard to the TP53-status. 

III Elucidating the molecular mechanism of a potential EZH2-dependent p53 regu-

lation 

IV Examining potential non-canonical functions of EZH2 involved in PDAC progres-

sion and maintenance. 

Together, our studies will scrutinize the TP53-status dependent EZH2 activity in PDAC pro-

gression and maintenance to assess whether molecular stratification for the TP53-status is 

required for a successful application of EZH2 inhibition in PDAC treatment. 
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2 Material and Methods 

2.1 Material 

2.1.1 Laboratory Equipment, Consumables, Chemicals, and Kits 

Table 1: List of Laboratory Equipment 

Laboratory Equipment Company 

BD FACSCanto II  BD Bioscience, Heidelberg, Germany 

ChemoStar ECL Imager 
Intas Science Imaging Instruments, 

Goettingen, Germany 

Double Distilled Water System: Arium pro 

UV Ultrapure  
Sartorius, Goettingen, Germany 

Dri-Block Heater DB2A Techne, Staffordshire, UK 

Fluorescence Microscope System for Ad-

vanced Imaging Widefield Systems 
Leica Biosystems, Wetzlar, Germany 

Fridge +4 °C Liebherr, Bulle, Switzerland 

Freezer -20 °C Liebherr, Bulle, Switzerland 

Freezer -80 °C Sanyo, Moriguchi, Japan 

Freezer -150 °C 
PHC Corporation of North America, Chi-

cago, USA 

FTA-1 Aspirator with trap flask Grant Instruments, Shepreth, UK 

Heracell 240i CO2 incubator Thermo Fisher Scientific, Waltham, USA 

IKAMAG Magnetic Stirrer RCT IKA, Staufen, Germany 

Light microscope BX43 Olympus, Shinjuku, Japan 

Light Microscope CKX53 Olympus, Shinjuku, Japan 

Mettler Toledo FE20 FiveEasy Benchtop 

pH Meter 
Thermo Fisher Scientific, Waltham, USA 

Microtome RM2265 Leica Biosystems, Wetzlar, Germany 

Microwave NN-E209W Panasonic, Kadoma, Japan 

Mini-PROTEAN Tetra Cell Bio Rad Laboratories, Hercules, USA 

MSA Minishaker IKA, Staufen, Germany 

Multifuge X1 Centrifuge Series Thermo Fisher Scientific, Waltham, USA 

Multipette plus Eppendorf, Hamburg, Germany 

NanoPhotometer P-330 
Intas Science Imaging Instruments, 

Goettingen, Germany 

Neubauer counting chamber Assistant, Sondheim/Rhön, Germany 

Paraffin embedding station EG 1150H Leica Biosystems, Wetzlar, Germany 

PerfectSpin 24R Refrigerated Microcentri-

fuge  
Peqlab, Erlangen, Germany 

PHOmo Microplate Reader Autobio, Zhengzhou, China 
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Pipetboy acu 2 
INTEGRA Biosciences, Biebertal, Ger-

many 

PowerPac Basic Power Supply Bio Rad Laboratories, Hercules, USA 

Precision balance PCB  Kern & Sohn, Balingen, Germany 

PSU-20i Orbital Shaking Platform Grant Instruments, Shepreth, UK 

Safe 2020 Class II Biological Safety Cabi-

nets 
Thermo Fisher Scientific, Waltham, USA 

Scotsman AF80 Ice Flaker  Hubbard Systems, Suffolk, UK 

Sequenza slide rack  Ted Pella, Redding, USA 

Shandon coverplate  Thermo Scientific, Waltham, USA  

Sprout Minicentrifuge 
Biozym Scientific, Hessich Oldendorf, 

Germany 

StepOnePlus Real-Time PCR System Thermo Fisher Scientific, Waltham, USA 

Thermomixer 5436 Eppendorf, Hamburg, Germany 

Tissue float bath GFL 1052 
Gesellschaft für Labortechnik, 

Burgwedel, Germany 

Tissue processor TP1020 Leica Biosystems, Wetzlar, Germany 

Trans-Blot Turbo Transfer System Bio Rad Laboratories, Hercules, USA 

TX-400 4 x 400mL Swinging Bucket Rotor Thermo Fisher Scientific, Waltham, USA 

Universal Oven UN55 Memmert, Schwabach, Germany 

VacuuHandControl VHCpro Vacuumbrand, Wertheim, Germany 

Vacuum pump: BVC Control Vacuumbrand, Wertheim, Germany 

Water Bath Memmert, Schwabach, Germany 

 

Table 2: List of Consumables 

Material Company 

Cell Culture Flask (T25, T75, T175) Greiner Bio One, Kremsmünster, Austria 

Cell Culture multi-well plate (6-, 12-, 96-

well) 
Greiner Bio One, Kremsmünster, Austria 

Cell Scrapers   Sarstedt, Nümbrecht, Germany 

Combitips advanced 1.0 ml Eppendorf, Hamburg, Germany 

Cover glasses Th. Geyer Ingredients, Hoexter, Germany 

Cover Slip Th. Geyer Ingredients, Hoexter, Germany 

Falcon Tubes 15 ml, 50 ml Sarstedt, Nümbrecht, Germany 

Liquid blocker Super PAP-Pen Dako, Jena, Germany 

MicroAmp Fast Optical 96-Well Reaction 

Plate 
Thermo Fisher Scientific, Waltham, USA 

MicroAmp Optical Adhesive films Thermo Fisher Scientific, Waltham, USA 

Nitrocellulose Membrane Bio Rad Laboratories, Hercules, USA 



2 Material and Methods 

22 
 

Paraffin wax  Sasol Wax, Hamburg, Germany 

PCR reaction tubes Sarstedt, Nümbrecht, Germany 

Pipette tips (10 µl, 200 µl, 1000 µl) StarLab, Hamburg, Germany 

Pipette filter tips (10 µl, 200 µl, 1000 µl) StarLab, Hamburg, Germany 

Polystyrene FACS tubes Thermo Fisher Scientific, Waltham, USA 

Polystyrene Tube with Screw Cap Greiner Bio One, Kremsmünster, Austria 

Reaction Cups 0.5 ml, 1.5 ml, 2 ml Sarstedt, Nümbrecht, Germany 

Serological Pipettes 2 ml, 5 ml, 10 ml, 25 

ml, 50 ml 
Sarstedt, Nümbrecht, Germany 

Superfrost Plus slides Thermo Fisher Scientific, Waltham, USA 

 

Table 3: List of Chemicals and Reagents 

Chemicals/Reagents Company 

4',6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich, St. Louis, USA 

Agarose A Beads  Merck Millipore, Billerica, USA 

Agarose G Beads  Merck Millipore, Billerica, USA 

Ammonium persulfate (APS) Sigma-Aldrich, St. Louis, USA 

Ampuwa Fresenius Kabi, Bad Homburg, Germany 

Annexin-V-Binding Buffer  BioLegend, San Diego, USA 

Bovine Serum Albumin (BSA) Sigma-Aldrich, St. Louis, USA 

Bromophenol blue Sigma-Aldrich, St. Louis, USA 

Chloroform Carl Roth, Karlsruhe, Germany   

Citric acid monohydrate Carl Roth, Karlsruhe, Germany 

Complete Protease Inhibitor Cocktail Roche, Basel, Switzerland 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, USA 

Dithiothreitol (DTT) Sigma-Aldrich, St. Louis, USA 

Eosin Sigma-Aldrich, St. Louis, USA 

Ethanol Sigma-Aldrich, St. Louis, USA 

Ethylene glycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic acid (EGTA) 
Sigma-Aldrich, St. Louis, USA 

Ethylenediaminetetraacetate (EDTA) Thermo Fisher Scientific, Waltham, USA 

Fluorescence Mounting Medium  Thermo Fisher Scientific, Waltham, USA 

Glycerine Carl Roth, Karlsruhe, Germany   

Glycine Carl Roth, Karlsruhe, Germany   

Haematoxylin Merck, Darmstadt, Germany 

Hydrogen peroxide 30 % (H2O2) Carl Roth, Karlsruhe, Germany   

Hydroxyethyl piperazineethanesulfonic 

acid (HEPES)  
Sigma-Aldrich, St. Louis, USA 
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Isopropanol Sigma-Aldrich, St. Louis, USA 

Leupeptin  Sigma-Aldrich, St. Louis, USA 

Lipofectamine 2000 Thermo Fisher Scientific, Waltham, USA 

Normal Goat Serum (NGS) Abcam, Cambridge, UK 

Normal mouse IgG 
Santa Cruz Biotechnology, Santa Cruz, 

USA 

Normal rabbit IgG 
Santa Cruz Biotechnology, Santa Cruz, 

USA 

PageRuler Prestained Protein Ladder Thermo Fisher Scientific, Waltham, USA 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich, St. Louis, USA 

Phosphate Buffered Saline (PBS) Merck Millipore, Billerica, USA 

Ponceau S Solution Sigma-Aldrich, St. Louis, USA 

Powdered milk Carl Roth, Karlsruhe, Germany   

Propidium Iodide (PI) Thermo Fisher Scientific, Waltham, USA 

Protein Assay Dye Reagent Concentrate Bio Rad Laboratories, Hercules, USA 

RNase A Sigma-Aldrich, St. Louis, USA 

Rotiphorese Gel 30 (37,5:1) Carl Roth, Karlsruhe, Germany   

silentFect Lipid  Bio Rad Laboratories, Hercules, USA 

Sodium chloride (NaCl) Sigma-Aldrich, St. Louis, USA 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany   

Sodium fluoride (NaF) Sigma-Aldrich, St. Louis, USA 

Sodium orthovanadate (NaO) Carl Roth, Karlsruhe, Germany   

Sodium phosphate (dibasic) Sigma-Aldrich, St. Louis, USA 

Sodium phosphate (monobasic) Sigma-Aldrich, St. Louis, USA 

Tetramethylethylenediamine (TEMED) Bio Rad Laboratories, Hercules, USA 

Tetrasodium Pyrophosphate Decahydrate 

(Na7P2O7 * 10 H2O) 
Sigma-Aldrich, St. Louis, USA 

Tris Base Carl Roth, Karlsruhe, Germany   

Tris-hydrochloric acid Sigma-Aldrich, St. Louis, USA 

Triton X-100 Carl Roth, Karlsruhe, Germany   

TRIzol Reagent Thermo Fisher Scientific, Waltham, USA 

Tween20 Sigma-Aldrich, St. Louis, USA 

Western Lightning Plus Enhanced Chemi-

luminescence (ECL) 
PerkinElmer, Waltham, USA 

Western Lightning Ultra PerkinElmer, Waltham, USA 

Xylene AppliChem, Darmstadt, Germany  

β-mercaptoethanol Merck Millipore, Billerica, USA 
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Table 4: List of utilized Kits 

Kit name Company 

Bioanalyzer High Sensitivity DNA Analy-

sis 
Agilent, Santa Clara, USA 

DAB ImmPACT Vector Laboratories, Burlingame, USA 

Duolink Proximity Ligation Assay Sigma-Aldrich, St. Louis, USA 

iScript cDNA Synthesis Kit Bio Rad Laboratories, Hercules, USA 

iTag Universal SYBR Green Supermix Bio Rad Laboratories, Hercules, USA 

M.O.M. (Mouse on Mouse) Immunodetec-

tion Kit 
Vector Laboratories, Burlingame, USA 

Masson's Trichrome Stain Kit Polysciences, Warrington, USA 

MycoAlert Mycoplasma Detection Kit Lonza Group, Basel, Switzerland 

Peroxidase Mouse IgG Vectastain ABC 

Kit 
Vector Laboratories, Burlingame, USA 

Peroxidase Rabbit IgG Vectastain ABC 

Kit 
Vector Laboratories, Burlingame, USA 

Qubit dsDNA HS Assaykit Thermo Fisher Scientific, Waltham, USA 

SureSelectQXT Reagent Kit Agilent, Santa Clara, USA 

SureSelectXT HS Reagent Kit Agilent, Santa Clara, USA 

Trans-Blot Turbo RTA Midi Nitrocellulose 

Transfer Kit 
Bio Rad Laboratories, Hercules, USA 

TruSeq RNA Library Prep Kit v2 Set A, B Illumina, San Diego, USA 

 

2.1.2 Buffers and Solutions 

Table 5: Buffers and Solutions 

Buffer/Solution  Composition 

Blocking Solution 5 g milk powder in 100 ml TBS-T (5 %) 

Citrate buffer (pH 6.0) 
10 mM citric acid monohydrate  

in H2O 

Laemmli sample buffer (5x) 

225 mM Tris/HCl, pH 6.8 

50 % Glycerine 

5 % SDS 

100 mM DTT 

0.02 % bromophenol blue 

5 % β-Mercaptothanol (added fresh) 

in H2O 
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Lysis buffer (WCL) 

50 mM HEPES, pH 7.5 – 7.9 

150 mM NaCl 

1 mM EGTA 

10 % Glycerine 

1 % TritonX-100 

100 mM NaF 

10 mM Na7P2O7 * 10 H2O 

in H2O 

Lysis buffer (WCL) plus components 

Lysis buffer (WCL) 

1x Complete Protease Inhibitor Cocktail 

1 µM sodium orthovanadate (NaO) 

1 µM NaF 

PB (pH 7.4) 

20 mM NaH2PO4 

80 mM Na2HPO4 

in H2O 

PB-T 
PB 

0.4 % Triton-X100 

PBS 

137 mM NaCl 

2,7 mM KCl 

8 mM Na2HPO4 

1.5 mM KH2PO4 

in H2O 

PBS-T 
PBS 

0.1 % Tween 20 

Running Buffer, 10x 

250 mM Tris base 

50 % Glycine 

1 % SDS 

in H2O 

Separation gel buffer (10 %) (“ready-

to-use”) 

25 ml Separation gel buffer (stock solution) 

33.3 ml Acrylamide/ Bisacrylamide (30 

%/0.8 %) 

5 ml Glycerine 

36.7 ml ddH2O 

Separation gel buffer (15 %) (“ready-

to-use”) 

25 ml Separation gel buffer (stock solution) 

50 ml Acrylamide/ Bisacrylamide  

(30 %/0.8 %) 

5 ml Glycerine 

20 ml ddH2O 

Separation gel buffer (stock solution) 

(pH 8.8) 

1.5 M Tris base 

0,4 % SDS  

in H2O 

Stacking gel buffer (“ready-to-use”) 

25 ml Stacking gel buffer (stock solution) 

16 ml Acrylamide/ Bisacrylamide  

(30 %/0.8 %) 

59 ml ddH2O 
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Stacking gel buffer (stock solution) 

(pH 6.8) 

0.5 M Tris base 

0,4 % SDS 

in H2O 

TBS-T 

20 mM Tris base, pH 7.6 

137 mM NaCl 

0.1 % Tween 20 

in H2O 

Triton-200 buffer 

50 mM Tris base, pH 8.5 

200 mM NaCl 

0.1 % Tween 20 

in H2O 

Triton-200 buffer plus components 

Triton-200 buffer 

1x Complete Protease Inhibitor Cocktail 

1 µM sodium orthovanadate (NaO) 

1 µM NaF 

Turbo-Blot Buffer 

200 ml 5x TransferBuffer 

200 ml Ethanol 

600 ml ddH2O 

 

2.1.3 Cell Culture Reagents  

Table 6: List of utilized cell lines 

Cell line Genotype (if relevant) Species p53 status 

GöCDX5  Human p53mut (R248W) 

GöCDX13  Human p53wt 

Panc-1  Human p53mut (R273H) 

KC KrasG12D Mouse p53wt 

KNPC KrasG12D;caNFATc1;Trp53R172H/+ Mouse p53mut (R172H) 

KNPnullC KrasG12D;caNFATc1;Trp53∆/∆ Mouse p53 null 

KPC KrasG12D;Trp53R172H/+ Mouse p53mut (R172H) 

NKC caNFATc1;KrasG12D Mouse p53wt 
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Table 7: Cell Culture Media and Reagents 

Product Company 

Bovine pituitary extract 
Thermo Fisher Scientific, Waltham, 

USA 

Dulbecco's Modified Eagle Medium (DMEM) 
Thermo Fisher Scientific, Waltham, 

USA 

Epidermal growth factor Sigma-Aldrich, St. Louis, USA 

Fetal Calf Serum (FCS) Sigma-Aldrich, St. Louis, USA 

Keratinocyte-SFM 
Thermo Fisher Scientific, Waltham, 

USA 

Modified Eagle Medium (MEM) Non-Essen-

tial Amino Acids Solution (100X) (NEAA) 

Thermo Fisher Scientific, Waltham, 

USA 

Opti-Minimal Essential Medium (MEM) 
Thermo Fisher Scientific, Waltham, 

USA 

Penicillin-Streptomycin Sigma-Aldrich, St. Louis, USA 

Roswell Park Memorial Institute (RPMI) 

1640 Medium 

Thermo Fisher Scientific, Waltham, 

USA 

Trypsin-EDTA (0.5 %) 
Thermo Fisher Scientific, Waltham, 

USA 

 

Table 8: Growth Media 

Medium Supplements Used for  

DMEM 
10 % FCS 

1 % NEAA 

KC, KNPC, KNPnullC, 

KPC, NKC 

DMEM 10 % FCS Panc-1 

Keratinocyte-SFM: RPMI 

(in 3:1 ratio) 

2 % FCS 

1 % Penicillin-Streptomycin 

Bovine pituitary extract 

Epidermal growth factor 

GöCDX5, GöCDX13 

 

Table 9: List of small interfering RNA (siRNA) 

Target Company ID 

Eed Ambion 159465 

EZH2 Ambion 61436 

Mdm2 Ambion 68152 

Negative Control Ambion 4635 

Suz12 Ambion 186542 

p19Arf Ambion 262856 
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Table 10: List of utilized DNA vectors 

Plasmids 
Back-

bone 
Origin 

pCEP4 pCEP4 
Pietenpol et al. 1994, kindly gifted by Prof. Matthias 

Dobbelstein, University Medical Center, Goettingen 

VP1680-p53 pCEP4 
Pietenpol et al. 1994, kindly gifted by Prof. Matthias 

Dobbelstein, University Medical Center, Goettingen 

p53-343CC pCEP4 
Pietenpol et al. 1994, kindly gifted by Prof. Matthias 

Dobbelstein, University Medical Center, Goettingen 

VP1680-p53-343CC pCEP4 
Pietenpol et al. 1994, kindly gifted by Prof. Matthias 

Dobbelstein, University Medical Center, Goettingen 

pCMV pCMV 
Kindly gifted by Prof. Matthias Dobbelstein, Univer-

sity Medical Center, Goettingen 

p53wt pCMV 
Kindly gifted by Prof. Matthias Dobbelstein, Univer-

sity Medical Center, Goettingen 

p53mut pCMV 
Kindly gifted by Prof. Matthias Dobbelstein, Univer-

sity Medical Center, Goettingen 

 

Table 11: List of pharmacological Inhibitors 

Inhibitor Usage Concentration Time Control Company 

5-fluorouracil 

(5-FU) 

Apoptosis  

induction 
10 µM 24 h DMSO 

Sigma-Aldrich, 

St. Louis, USA 

Cyclo-

heximide 

Protein trans-

lation inhibitor 
20 mg/ml 

7-18 

min 
H2O 

Cell Signaling 

Technology, 

Cambridge, UK 

MG132  
Proteasome 

inhibitor 
10 µM 1 h DMSO 

Merck Millipore, 

Billerica, USA 

Staurosporine 

(STS) 

Apoptosis  

induction 
500 nM 24 h DMSO 

Cell Signaling 

Technology, 

Cambridge, UK 

Tazemetostat 

(EPZ-6438) 
EZH2 inhibitor 750 nM 72 h DMSO 

ChemieTek, In-

dianapolis, 

USA 

 



2 Material and Methods 

29 
 

2.1.4 Oligonucleotides 

Table 12: List of Primers for qRT-PCR 

Target Direction Sequence  

Cdkn2a forward CGCAGGTTCTTGGTCACTGT 

Cdkn2a reverse TGTTCACGAAAGCCAGAGCG 

Ezh2 forward CAACCCGAAAGGGCAACAAA 

Ezh2 reverse ACC AGT CTG GAT AGC CCT CT 

Itgb5 forward GAAGTGCCACCTCGTGTGAA 

Itgb5 reverse GGACCGTGGATTGCCAAAGT 

Ltbp1 forward GGTCGCATCAAGGTGGTCTTT 

Ltbp1 reverse GTGGTGGTATTCCCCTTCTGG 

Rnf130 forward CTGCCCATCCACGGAGTTG 

Rnf130 reverse CAAGGCGATCCACTGTTTGA 

Rplp0 forward TGGGCAAGAACACCATGATG 

Rplp0 reverse AGTTTCTCCAGAGCTGGGTTGT 

Trp53 forward AGGTGTGCGTAGCACC 

Trp53 reverse CCCCACAACACCAGTG 

Wnt7b forward CTTCACCTATGCCATCACGG 

Wnt7b reverse TGGTTGTAGTAGCCTTGCTTCT 

 

Table 13: List of Primers for qRT-PCR following ChIP experiments 

Target Direction Sequence 

Cdkn2a TSS forward GACCGTGAAGTTCAGC 

Cdkn2a TSS reverse GGGGTCGCTTCTTCGG 

 

2.1.5 Antibodies 

Table 14: List of Antibodies used for Western Blotting 

Antibody Dilution Species Company Number 

Primary Antibody 

Actin-HRP 1:40000 Mouse Sigma-Aldrich, St. Louis, USA A3854 

Cleaved 

caspase 3 
1:500 Rabbit 

Cell Signaling Technology, Cam-

bridge, UK 
9661 

Eed 1:1000 Rabbit Merck Millipore, Billerica, USA 09-774 

ERK1/2 1:1000 Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
9102 
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EZH2 1:1000 Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
5246 

H3 1:1000 Rabbit Abcam, Cambridge, UK 1791 

H3K27me3 1:500 Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
9733 

Mdm2 1:250 Mouse 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
965 

p19Arf 1:250 Rat 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
32748 

p21 1:200 Mouse 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
6246 

p53 1:1000 Mouse 
Cell Signaling Technology, Cam-

bridge, UK 
2524 

p53-HRP 1:1000 Mouse Novus Biologicals, Littleton, USA NB200-103H 

PARP 1:1000 Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
9542 

Suz12 1:1000 Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
3737 

Secondary Antibody 

Anti-mouse 

(IgG) HRP 
1:6500 Horse 

Cell Signaling Technology, Cam-

bridge, UK 
7076 

Anti-rabbit 

(IgG) HRP 
1:6500 Goat 

Cell Signaling Technology, Cam-

bridge, UK 
7074 

Anti-rat 

(IgG) HRP 
1:5000 Goat 

Santa Cruz Biotechnology, Santa 

Cruz, USA 
2006 

 

Table 15: List of Antibodies utilized for Chromatin immunoprecipitation (ChIP) 

Antibody Amount Species Company Number 

EZH2 2 µg Rabbit Diagenode, Denville, USA C15410039-classic 

H3K4me3 2 µg Rabbit 
Cell Signaling Technology, 

Cambridge, UK 
9751 

Rabbit IgG 2 µg Rabbit Diagenode, Denville, USA C15410206 
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Table 16: List of Antibodies utilized for Immunoprecipitation (IP) 

Antibody Amount Species Company Number 

EZH2 6 µl Rabbit 
Cell Signaling Technology, Cam-

bridge, UK 
5246 

p53 6 µl Mouse 
Cell Signaling Technology, Cam-

bridge, UK 
2524 

p53 6 µl Mouse Novus Biologicals, Littleton, USA NB200-103 

Mouse IgG 3 µl Mouse 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
2025 

Rabbit IgG 2 µl Rabbit Merck Millipore, Billerica, USA 12-370 

 

Table 17: List of Antibodies utilized for Immunohistochemistry (IHC) 

Antibody Dilution  Species Company Number 

EZH2 (mouse) 1:100 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 
5246 

EZH2 (human) 1:50 Mouse 
Leica Biosystems, Wetzlar, 

Germany 
NCL-L-EZH2 

Ki-67 1:600 rabbit 
Thermo Fisher Scientific, Wal-

tham, USA 
RM9106 

αSMA 1:100 Mouse Agilent, Santa Clara, USA M0851 

p14ARF 1:400 Mouse 
Cell Signaling Technology, 

Cambridge, UK 
2407 

 

Table 18: List of Antibodies utilized for Immunofluorescence (IF) 

Antibody Dilution Species Company Number 

Primary Antibody 

p19Arf 1:100 Rat 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
32748 

Secondary Antibody 

Anti-mouse 

(IgG) HRP 
1:500 Donkey Invitrogen, Carlsbad, USA A21208 

 

Table 19: List of Antibodies utilized for Proximity Ligation Assay (PLA) 

Antibody Dilution Species Company Number 

EZH2 1:100 Mouse 
Cell Signaling Technology, Cam-

bridge, U K 
3147 

p53 (FL393) 1:500 Rabbit 
Santa Cruz Biotechnology, Santa 

Cruz, USA 
6243 
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2.1.6 Software and Databases 

Table 20: List of utilized Software and Databases 

Software Company/Reference 

Adobe Illustrator Adobe, San José, USA 

Adobe Photoshop Adobe, San José, USA 

AUTOsoft 2.6 Autobio, Zhengzhou, China 

BD FACSDIVA Software BD Bioscience, Heidelberg, Germany 

Bioinformatics & Evolutionary Genomics 

(Venn Diagram) 

http://bioinformat-

ics.psb.ugent.be/webtools/Venn/ 

cellSense Software Olympus, Shinjuku, Japan 

Chemostar Software 
Intas Science Imaging Instruments, 

Goettingen, Germany 

Cuffdiff, 2.2.1 (Trapnell et al. 2012) 

Cuffnorm 2.2.1.1 (Ghosh and Chan 2016) 

DESeq2, 1.22.1 
(Anders and Huber 2010, Love et al. 

2014) 

Enrichr 
maayanlab.cloud/Enrichr/ (Xie et al. 2021, 

Kuleshov et al. 2016, Chen et al. 2013) 

Fiji (Schindelin et al. 2012) 

FlowJo FlowJo LLC, USA 

Gene Set Enrichment Analysis (GSEA), 

4.0.3 

(Subramanian et al. 2005, Mootha et al. 

2003) 

ggplot2, 3.3.5 (Wickham 2016) 

GraphPad PRISM 8 GraphPad Software, La Jolla, USA 

HTSeq, 0.9.1 (Anders et al. 2015) 

ImageJ 1.50i 
Wayne Rasband, National Institute of 

Health, USA 

Leica Application Suite (LAS) X Software Leica Camera, Wetzlar, Germany 

NanoPhotometer P-Class PVC Software 
Intas Science Imaging Instruments, 

Goettingen, Germany 

Pheatmap, 1.0.12 (Kolde 2019) 
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2.2 Cell Culture Methods 

2.2.1 Cell Cultivation 

For our in vitro analysis, we utilized various PDAC human and murine cancer cell lines 

(Table 6). The well-established murine Trp53 wildtype KC and Trp53 mutant KPC cells were 

derived from tumor-bearing KrasG12D (KC) and KrasG12D;Trp53R172H/+ (KPC) mice, respec-

tively (Hingorani et al. 2003, Hingorani et al. 2005). They were kindly provided by Prof. Dr. 

Dr. med. Albrecht Neesse, Department of Gastroenterology, Gastrointestinal Oncology and 

Endocrinology, UMG. KPC cells harbour a clean C57BL/6J background rendering these 

cells suitable for orthotopic transplantation. CRISPR/Cas9-mediated Ezh2 knockout (KO) 

clones of KPC cells have been established and described earlier (Patil et al. 2020). Trp53 

wildtype NFATc1-driven murine NKC PDAC cells were derived from caNFATc1;KrasG12D 

mice (Baumgart et al. 2014). Stable EZH2 knockout clones of NKC cells using shRNA were 

already established and available in the Hessmann group (Patil et al. 2020). Trp53 mutant 

KNPC and Trp53 deficient KNPnullC cells originated from KrasG12D;caNFATc1;Trp53R172H/+ 

and KrasG12D;caNFATc1;Trp53∆/∆ mice, respectively (Singh et al. 2015).  

The well-established human PDAC cell line Panc-1 originated from a 56-year-old male with 

adenocarcinoma in the head of the pancreas which invaded the duodenal wall. It has an 

activating KRAS and a TP53R273H GOF mutation (Deer et al. 2010). The establishment of 

stable Panc-1 EZH2 knockout cell clones by CRISPR/Cas9-technique has been previously 

described (Chen et al. 2017). GöCDX5 and GöCDX13 are primary patient-derived xenograft 

(PDX) cell lines established in the context of the Clinical Research Unit 5002 at the Depart-

ment of Gastroenterology, Gastrointestinal Oncology and Endocrinology, UMG (Patil et al. 

2020). Molecular characterization of PDX tissue and CDX cells was conducted in the Insti-

tute of Human Genetics (UMG) using gene panel sequencing. Briefly, 200 ng genomic DNA 

isolated from tumor biopsies was used to perform targeted multigene panel sequencing. 

SureSelectXT HS and SureSelectQXT target enrichment Kit with enzymatic fragmentation was 

used following manufacturer’s protocol for library preparation. Libraries were sequenced on 

an Illumina NextSeq 550 with 2.5 High output chemistry and 150 bp read length. To align 

sequences to a human reference sequence (hg19) and for variant calling Sequence Pilot 

Software was used. Samples were screened for variants in TP53 (ENST00000269305) and 

CDKN2A (ENST00000304494). Variants were assessed according to the American College 

of Medical Genetics (ACMG) guidelines (Richards et al. 2015) to identify likely pathogenic 

or pathogenic variants. The generation of translational PDAC models and their molecular 
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characterization have been approved by the ethical review board of the UMG (8/1/17). 

GöCDX5 harbour a TP53R248W mutation and GöCDX13 are TP53 wildtype. 

For the following studies, the murine cells were cultured in DMEM containing 4.5 g/L D-

Glucose, L-Glutamine supplemented with 10 % FCS and 1 % NEAA. Panc-1 cells were 

cultivated in DMEM containing 4.5 g/L D-Glucose, L-Glutamine supplemented with 10 % 

FCS and the PDX cell lines were cultured in Keratinocyte-SFM:RPMI (in 3:1 ratio) media 

supplemented with 2 % FCS, 1 % Penicillin-Streptomycin, bovine pituitary extract, and ep-

idermal growth factor (Table 8). Generally, cells were maintained at 37 °C in a humidified 

atmosphere with 5 % CO2. At confluency of 85 to 95 %, they were passaged by removing 

the medium, washing the cells with pre-warmed PBS, and incubating the cells in trypsin-

EDTA at 37 °C for 5-10 min. After trypsinization resulted in the detachment of more than 95 

% of the cells, enzyme reaction was stopped by adding a suitable volume of growth medium. 

Cells were separated gently, diluted appropriately, and passaged. Mycoplasma contamina-

tion was excluded regularly using MycoAlert Mycoplasma Detection Kit. For the following 

analysis, cells were counted in a Neubauer chamber, and the respective cell number was 

seeded in an appropriate cell culture dish format suitable for subsequent analysis steps. 

For long-term storage, cells were kept at -150 °C. Therefore, cells were centrifuged for 3 

min at 1200 rpm and RT. Subsequently, cells were resuspended in the respective growth 

medium (Table 8) supplemented with 10 % DMSO and aliquoted in 1 ml into cryotubes. 

After a slow and constant cool-down to -80 °C, cells were transferred to -150 °C the next 

day. For the revival of cell stocks, 1 ml cryo-preserved cells were thawed in a water bath at 

37 °C and mixed with 9 ml pre-warmed growth medium. Cells were centrifuged for 3 min at 

1200 rpm and RT and resuspended in growth medium prior to seeding into a cell culture 

flask. The next day, medium was changed. 

 

2.2.2 Transfection  

For transient knockdown of genes, cells were transfected using small interfering RNA 

(siRNA). Double-stranded siRNA targets a specific complementary mRNA leading to its 

degradation resulting in silencing of the target gene (Huppi et al. 2005). After seeding the 

cells into one well of a six-well plate, cells were allowed to attach for 24 h. The next day, 

specific siRNA was introduced into cells using siLentFect Lipid. Negative control RNA was 

used as control. Therefore, 200 µl Opti-MEM, 6 µl siLentFect Lipid, and 6 µl siRNA (20 

nmol) (Table 9) were mixed in a polystyrene low-binding tube and incubated at RT for 20 

min. Subsequently, the old medium was removed, and 1.3 ml fresh growth medium was 
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added carefully onto the cells alongside with 200 µl of the siLentFect Lipid-siRNA mixture. 

6-8 hours after addition, medium was changed. In case of further 24 h treatments with drugs, 

medium was additionally changed 24 h after transfection, and cells were incubated for ad-

ditional 24 h with a new drug-containing growth medium. Cells were harvested 48 h after 

transfection.  

Transient overexpression of specific genes in eukaryotic cells can be achieved by introduc-

ing foreign DNA vectors into cells (Prelich 2012). 24 h prior to transfection, cells were 

seeded in one well of a 6-well plate or in a 10 cm dish, respectively. The different DNA 

vectors used for overexpression are listed in Table 10. For the six-well format, 200 µl Opti-

MEM, 2 µg DNA construct and 5 µl Lipofectamine 2000 were mixed in a low-binding poly-

styrene tube and incubated at RT for 10 min. For the 10 cm dish format, 800 µl µl Opti-

MEM, 8 µg construct DNA and 20 µl Lipofectamine 2000 were mixed incubated. Next, the 

medium was removed, and 1.3 ml fresh growth medium together with 200 µl of the Lipofec-

tamine-DNA mixture were added onto the cells in one 6-well. For the 10 cm dish, 5 ml fresh 

growth medium together with 800 µl of the Lipofectamine-DNA mixture were added onto 

the cells. Transfection with the respective empty vector served as negative control. Cells 

were incubated at 37 °C and harvested 24 h after transfection. If an additional drug treat-

ment of cells was necessary, treatment started 8 hours after transfection for the respective 

period and extended transfection time accordingly. Transfection success was confirmed by 

western blotting analysis. 

 

2.2.3 Treatment 

For drug treatment, cells were allowed to attach by seeding 24 h before treatment started. 

All pharmacological inhibitors and drugs and their treatment condition are listed in Table 11. 

Drugs were dissolved in the respective solvent and mixed with pre-warmed growth medium 

to reach the respective target concentration and added to the cells. Addition of the solvent 

reagent alone served as treatment control.  
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2.3 Nucleic Acid Techniques 

2.3.1 RNA Isolation and Concentration Determination 

Cells were cultures in a 6-well plate and total RNA was isolated from cells using TRIzol (Rio 

et al. 2010). After removing the medium and washing the cell with cold PBS, 800 µl TRIzol 

was added to each well, incubated for 3 min at RT, and scrape harvested. Following addition 

of 200 µl chloroform, the suspension was mixed properly and incubated for 5 min at RT. 

After centrifugation for 15 min at 17,200 rcf and 4 °C, the upper RNA comprising clear phase 

was transferred into a new tube containing 500 µl isopropanol. The samples were mixed 

properly, incubated for 10 min at RT, and centrifuged for 30 min at 17,200 rcf and 4 °C. The 

resulting RNA pellet was washed twice with 75 % ethanol and centrifuged for 5 min at 

17,200 rcf and 4°C. Finally, the remaining RNA pellet was air-dried for 30 min at RT and 

dissolved in 30 µl RNA-free ddH2O. Concentration and purity were determined by measur-

ing the absorbance at 230 nm, 260 nm, and 280 nm with NanoPhotometer P-330. RNA was 

stored at -80 °C. 

 

2.3.2 cDNA Synthesis 

Upon isolation, RNA was transcribed into complementary DNA (cDNA) using the iScript 

cDNA Synthesis Kit according to the manufacturer´s manual. Briefly, 4 µl of 5x iScript Re-

action Mix and 1 µL iScript reverse transcriptase were added to 1 µg total RNA and filled 

with nuclease-free ddH2O to a final volume of 20 µl. The reaction mixture was incubated for 

priming (5 min at RT), for reverse transcription (20 min at 46 °C), and for stopping the reac-

tion (1 min at 95 °C). Samples were diluted in nuclease-free ddH2O (1:5) and stored until 

further use at 20°C. 

 

2.3.3 Quantitative Real-Time PCR 

Quantitative real-time PCR (qRT-PCR) enables quantitative measurement of the amplifica-

tion of cDNA with a specific sequence during PCR in real-time (Higuchi et al. 1993). QRT-

PCR analysis was performed using SYBR Green. 1 µl transcribed cDNA was mixed with 5 

µl SYBR Green, 0.05 µl forward primer (10 µM), 0.05 µl reverse primer (10 µM), and 3.9 µl 

ddH2O in one well of a MicroAmp Fast Optical 96-Well Reaction Plate. The utilized primer 

sequences for the specific target genes are listed in Table 12. The qRT-PCR reaction was 

performed in a StepOnePlus Real-Time PCR System with standard settings according to 
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the manufacturer´s manual. Gene expression levels were determined in triplicates and nor-

malized to the housekeeping mRNA encoding RPLP0. The analysis was conducted utilizing 

ΔΔCt method (Livak and Schmittgen 2001). 

Chromatin immunoprecipitation (ChIP) analysis was conducted by Dr. Shilpa Patil, Depart-

ment of Gastroenterology, Gastrointestinal Oncology and Endocrinology, UMG (Patil et al. 

2020). All antibodies used for ChIP are depicted in Table 15. Following precipitation and 

DNA isolation, qRT-PCR was performed with the input and ChIP samples in duplicates. The 

expression of ChIP samples was normalized to the expression of the input samples. The 

primers utilized for qRT-PCR following ChIP are listed in Table 13. 

 

2.3.4 RNA Sequencing 

KC, KPC, and KNPC cells were seeded in triplicates in a six-well plate and EZH2 knock-

down was conducted using siRNA. RNA was isolated and its integrity and purity were vali-

dated by separation on a 1 % agarose gel. Library preparation of 500 ng of total RNA was 

performed using the True seq RNA library preparation kit according to the manufacturer´s 

manual following cDNA library concentration determination using Qubit and fragment size 

control using Bioanalyzer High Sensitivity DNA Analysis kit. Sequencing was performed by 

the NGS Integrative Genomics Core Unit (NIG) of the UMG. Furthermore, publicly available 

shRNA-mediated EZH2 knockdown RNA-seq data in NKC cells was utilized (GSE153537) 

(Patil et al. 2020), but analysed with the same pipeline used for KC, KPC, and KNPC cells. 

The analysis of FastQ files was performed using the open-source platform Galaxy 

(https://usegalaxy.org/). Reads were aligned to murine transcriptome mm9 using TopHat2 

(version 2.1.0). Fragment Per Kilobase Million (FPKM) values were measured using 

Cuffnorm (version 2.2.1.1) and Cuffdiff (version 2.2.1). Genes with FPKM values < 0.01 

were excluded from the analysis to reduce background signals, implying approximately 70% 

of the mouse genome. Genes were considered as significantly differentially regulated with 

a log2fold change of <-0.5 and >0.5, and a q value of <0.05. Principal component analysis 

(PCA) and sample-to-sample distances analysis were performed in R (version 4.0.0) using 

read counts generated with HTSeq (version 0.9.1) to evaluate similarities of replicates. 

Gene set enrichment analysis (GSEA) (version 4.0.3) of our data in the indicated publicly 

available gene sets was conducted using Signal2Noise metric for gene ranking. EnrichR 

analysis tool (https://maayanlab.cloud/Enrichr/) enabled Gene Ontology (GO) analysis. 

Pathways with a q value of <0.05 were considered significantly regulated pathways. 

Heatmaps were illustrated with log10 values of FPKM data using pheatmap function in R. 
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Venn diagrams were generated with Bioinformatics Evolutionary Genomics (http://bioinfor-

matics.psb.ugent.be/ webtools/Venn/) to overlay gene lists. All software and databases and 

their references are summarized in Table 20.  

 

2.4 Protein Methods 

2.4.1 Protein Isolation and Concentration Determination 

For whole-cell lysis and protein extraction from attached cells, cells were washed with 4 °C 

cold PBS and scrape-harvested with 30 - 40 µl of cold Lysis buffer (WCL) plus components 

(Table 5). For protein extraction from murine PDAC tissue, a small piece of tissue (0.1-0.4 

cm3) was transferred into 200-300 µl Lysis buffer (WCL) plus components (Table 5) and 

homogenized. Following incubation on ice for 30 min, the suspension was centrifuged for 

20 min at 17,200 rcf and 4 °C and the supernatant was transferred into a fresh tube. Protein 

concentration was determined using Bradford Reagent. (Bradford 1976). Therefore, BSA 

standards with known concentrations ranging from 1.0 µg/ml to 6.0 µg/ml were used to 

generate a standard curve by adding the appropriate volume (1-6 µl) of BSA (1 µg/ml dis-

solved in lysis buffer) to 200 µl Bradford Reagent in a 96 well microplate. For concentration 

determination of the samples, 1 µl of the respective lysate was mixed with 200 µl Bradford 

Reagent. The protein concentration was determined by measuring the absorbance with 

PHOmo Microplate Reader at 595 nm using AUTOsoft 2.6 software and compared to the 

BSA standard. Remaining protein sample was stored at -20 °C for short-term storage and 

at -80 °C for long-term storage. 

 

2.4.2 SDS-PAGE and Western blotting 

To separate proteins according to their molecular weight, sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) was performed. Given the similar charge den-

sity of proteins after denaturing by and interaction with the negatively charged SDS, proteins 

separate in an electric field linearly to their molecular weight. Smaller proteins which are 

decorated with fewer SDS migrate faster than bigger proteins decorated with more SDS 

(Laemmli 1970). The SDS-polyacrylamide gels comprise a stacking gel to form a narrow 

protein band and a separation gel to separate the proteins according to their size. A thin 

stopping gel at the bottom of the separation gel can be performed to prevent leakage during 

pouring the gel. To separate larger proteins (40-150 kDa), 10 % polyacrylamide gels were 

used and to separate smaller proteins (15-50 kDa), 15 % polyacrylamide gels were utilized. 
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To allow gel polymerization, APS and TEMED were added to the “ready-to-use” stacking 

and separation gel buffers (Table 5). Generally, 15-20 µg of protein lysate were diluted with 

lysis buffer up to an equal sample volume and mixed with 5x Laemmli sample buffer with β-

mercaptoethanol (Table 5). After boiling the samples at 95 °C for 5 min, protein lysates were 

separated by SDS-PAGE. 5 µl of PageRuler Prestained Protein Ladder was utilized to mon-

itor and compare protein size. The electrophoresis chamber was assembled and filled with 

1x running buffer (Table 5). Initially, samples were separated at 120 V until the protein 

marker has been separated, subsequently, voltage was increased up to 160 V until the 

running front reached the end of the gel.  

Following separation, proteins were transferred onto a nitrocellulose membrane using the 

semi-dry Trans-Blot Turbo-Transfer System according to the manufacturer’s instruction. 

Briefly, 10 % polyacrylamide gels were blotted at 1.0 A and 25 V for 22 min and 15 % gels 

for 15 min. A sandwich of filter paper, nitrocellulose membrane, and polyacrylamide gel 

were equilibrated with Turbo-Blot buffer (Table 5) and the transfer equipment was assem-

bled. Successful protein transfer was confirmed by Ponceau S staining. After the transfer, 

the membrane was blocked for 1 h at RT in 5 % powdered milk in TBS-T (Table 5) and 

primary antibody binding was enabled overnight at 4 °C in 5 % powdered milk in TBS-T. All 

antibodies and their dilution used in this study are depicted in Table 14. Following three 

washing steps with TBS-T (Table 5) for 5-10 min, HRP-labelled secondary anti-mouse or 

anti-rabbit antibodies, respectively, were incubated in 5 % powdered milk in TBS-T for 1 h 

at RT. Three washing steps with TBS-T for 5-10 min each were followed to remove unspe-

cific antibody binding. Enhanced chemiluminescence solutions were added equally cover-

ing the whole membrane. Chemiluminescence signals were detected and recorded using 

ChemoStar ECL Imager. 

 

2.4.3 Immunoprecipitation 

Co-Immunoprecipitation (co-IP) was performed to analyse protein-protein interactions. 

Cells were cultured and harvested in Triton-200 buffer plus components (Table 5). Initially, 

protein G beads were washed three times in PBS and centrifuged for 2 min at 850 rcf and 

4 °C. Subsequently, beads were resuspended in half of the initial volume to reach 50 % 

slurry beads suspension. To avoid unspecific protein-binding, pre-clear was performed by 

adding 20 µl washed beads to 500 µg protein lysate in a final volume of 1 ml. The mixture 

was rotated overhead for 30 min at 10 rpm and 4 °C prior to centrifugation for 2 min at 850 

rcf and 4 °C. The remaining supernatant was transferred into a new tube and 6 µl of the 
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respective antibody was added. As a control, 2 µl normal mouse or rabbit IgG, respectively, 

were added to the respective tube. All antibodies used for immunoprecipitation are listed in 

Table 16. For pull-down of endogenous p53, p53 antibody from Cell Signaling (2524) was 

utilized and for precipitation of re-expressed p53 and its variants, p53 antibody from Novus 

Biologicals (NB200-103) was utilized. All samples were rotated overhead at 10 rpm and 4 

°C overnight. The next day, 25 µl of washed protein G beads were added per sample and 

rotation was performed for 2 h at 10 rpm and 4 °C. Subsequently, samples were centrifuged 

for 2 min at 850 rcf and 4 °C. Pellets were washed two times in 500 µl Triton-200 buffer 

and, additionally, two times in 500 µl PBS. Following the last centrifugation step for 2 min 

at 850 rcf and 4 °C, beads were mixed with 65 µl 2x Laemmli sample buffer with β-mercap-

toethanol, incubated for 15 min on ice, and boiled at 95 °C for 5 min. 20 µl of the supernatant 

of the beads were subjected to SDS-PAGE and analysed using western blotting. Addition-

ally, 20 µg proteins of the initial whole-cell lysate were mixed with 5x Laemmli sample buffer 

with β-mercaptoethanol, cooked at 95 °C for 5 min and subjected to western blotting (input) 

to validate the presence of the target protein in the cell lysates. 

 

2.5 Flow Cytometry 

Apoptosis analyses were performed using Annexin-V/propidium iodide (PI) staining prior to 

flow cytometry analysis. Annexin-V reveals a high affinity to bind phosphatidylserine (PS). 

PS are components of the cell membrane normally directed into the cytoplasm. However, 

upon induction of apoptosis, PS also appears on the surface of the cellular membrane and 

can be detected by allophycocyanin (APC)-labelled Annexin-V. PI can intercalate into the 

DNA and reveals fluorescence but only upon loss of the cellular and nuclear integrity due 

to late apoptotic or necrotic processes. Hence, simultaneous staining with Annexin-V and 

PI can distinguish between living (Annexin-V and PI negative), early apoptotic (positive for 

Annexin-V but negative for PI), late apoptotic (positive for both Annexin-V and PI), and dead 

cells (positive for PI but negative for Annexin-V) (Vermes et al. 1995, Vermes et al. 2000).  

For Annexin-V/PI staining, cells were cultivated in a 6-well-plate and treated with STS to 

induce apoptosis. Cells were washed with cold PBS, harvested using trypsin, and trans-

ferred to a FACS tube. Subsequently, cells were pelleted for 3 min at 1200 rpm and RT and 

the pellet was resuspended in 500 µl Annexin-V-Binding buffer. Following another centrifu-

gation step for 3 min at 1200 rpm and RT, supernatant was discarded, and cells were mixed 

with 100 µl Annexin-V-Binding buffer, 5 µl Annexin-V, and 3 µl PI (1 mg/ml). After incubation 

for 15 min at RT in the dark, 200 µl Annexin-V-Binding buffer was added and mixed 
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thoroughly. Staining intensity was determined using BD FACSCanto II, analysed using 

FlowJo, and visualized using GraphPad PRISM. An equal gating strategy was utilized for 

all samples. 

 

2.6 Histological Staining 

All in vivo experiments were conducted by different scientists of the Hessmann group. 

Transplantation, surveillance, and sacrificing of orthotopically transplanted mice (Patil et al. 

2020) as well as tissue processing, survival and relative tumor weight analysis were per-

formed by Dr. Shilpa Patil. Surveillance, sacrificing, and tissue processing of KrasG12D (KC) 

and KrasG12D;Ezh2fl/fl (KEC) mice were conducted by Waltraut Kopp and Benjamin Steuber 

as described before (Chen et al. 2017, Patil et al. 2020). All mice experiments were accom-

plished in agreement with the protocols approved by the Institutional Animal Care and Use 

Committee of the UMG (33.9-42502-04- 14/1633, -15/2057, -19/3085, -17-2407). 

For histological staining of tissue, murine pancreas and liver tissue was fixed in formalin, 

embedded in paraffin, and sections of 4 µm were placed on slides. To perform histological 

staining, tissue sections were deparaffinized by incubating twice in xylene for 15 minutes 

followed by hydration through incubation of tissues with descending ethanol concentration 

for 3 min (99%, 99%, 96%, 80%, 70%, 50%). After washing slides for 1 min in ddH2O, 

different staining methods can be continued. 

 

2.6.1 Haematoxylin and Eosin staining  

A commonly used staining method is the H&E staining to distinguish between nuclei and 

cytoplasm and to get a general overview of the structure of the tissue (Titford 2005). There-

fore, sectioned and hydrated tissue was incubated for 7 min in haematoxylin solution to 

stain nuclei followed by 5 min washing under running tap water. Subsequently, slides were 

incubated for 30 seconds in eosin solution to stain cytoplasm prior to three washing steps. 

To dehydrate tissue, slides were incubated in ascending ethanol concentrations for 3 min 

(70%, 80%, 96%, 99%) followed by four incubation steps in xylene for 10 min each. Co-

verslips were mounted utilizing mounting medium. 
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2.6.2 Masson’s Trichrome  

Another staining technique to differentiate between nuclei, cytoplasm and connective tissue 

is the Masson’s trichrome staining (Foot 1933). For Masson`s Trichrome staining the stain 

kit from Polyscience Europe was used. Briefly, slides with sectioned and hydrated tissue 

were incubated in Bouin´s Fixative solution overnight. After washing slides for 5 minutes 

with dH2O, sections were incubated for 15 minutes in mixed Weigert´s Iron Hematoxylin 

solution A and B to stain nuclei followed by a washing step in dH2O. Next, the tissue was 

incubated in Biebrich Scarlet-Acid Fuchsin solution for 5 minutes to stain the cytoplasm and 

briefly washed with water. Sections were incubated in phosphotungstic/phosphomolybdic 

acid for 5 minutes prior to staining with Aniline Blue for 8 minutes to stain collagen and 

washing in dH2O. Next, the tissue was incubated in 1% acetic acid for 1 min and washed in 

H2O prior to dehydration in ethanol (96%, 99%, 30 seconds each), incubation in xylene for 

1 minute, and mounting. 

 

2.6.3 Immunohistochemistry 

To recognize and visualize target antigens and proteins in PDAC tissue, immunohistochem-

istry (IHC) was performed (Coons et al. 1941, Avrameas and Uriel 1966, Nakane and Pierce 

1967). Following sectioning and hydrating, tissue was boiled for 15 min in citrate buffer 

(Table 5). After heat-induced epitope retrieval, tissue was cooled down in citrate buffer for 

10 min at RT following 20 min on ice. Next, slides were incubated for 10 min in 3 % H2O2 to 

inhibit the endogenous peroxidase activity. Subsequently, slides were washed in H2O and 

transferred into the Sequenza slide system. After the next washing step with PBS-T (Table 

5), tissue was blocked for 1 h at RT with 10 % BSA in PBS-T. Incubation of primary antibody 

diluted in PBS-T was performed overnight at 4 °C. All antibodies and their dilution used in 

this study are listed in Table 17. For αSMA staining, which is a primary mouse antibody 

stained on mouse tissue, the M.O.M. immunodetection kit was used according to the man-

ufacturer's protocol. The next day, slides were washed with PBS-T and incubated with sec-

ondary antibody for 1 h at RT. Following three additional washing steps with PBS-T, slides 

were incubated for 1h at RT with the Vectastain ABC kit to allow streptavidin-biotin-complex 

formation. Next, 3,3'-diaminobenzidine (DAB) staining was performed briefly prior to nuclei 

staining with Haematoxylin for 5 min and washing for 5 min in H2O. Finally, slides were 

incubated in ascending ethanol concentrations for 3 min (70%, 80%, 96%, 99%) to dehy-

drate followed by four incubation steps in xylene for 10 min each. Coverslips were mounted 

using mounting medium. 
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EZH2 staining in human PDAC was performed by Jennifer Appelhans, Institute of Pathol-

ogy, UMG. Human primary PDAC samples were received from the Institute of Pathology at 

the UMG. Prior to analysis samples from resected PDAC specimen were Formalin-Fixed-

Paraffin-Embedded (FFPE) as described before (Patil et al. 2020). For EZH2 and p14ARF 

staining in human PDAC, patients were classified in EZH2high/low and p14ARF high/low according 

to their expression based on IHC staining in PDAC tissue. EZH2low was defined as < 7 % 

positive EZH2 staining and p14ARF low as < 13 % positive p14ARF staining. 

After the respective staining, slides were viewed and photographed under the microscope. 

Quantification of (immuno-) histochemistry was performed in ten representative images of 

each section by measuring positive stained areas or cells, respectively, using ImageJ Fiji.  

 

2.7 Immunofluorescence and Proximity Ligation Assay 

Immunofluorescence 

For immunofluorescence (IF) staining of p19Arf in murine pancreatic tissue, slides were 

washed with PB buffer (Table 5) after sectioning and hydration. Antigen retrieval was per-

formed by cooking for 10 min in citrate buffer (Table 5). Following cooling down on ice for 

30 min and 3 washing steps with PB for 5 min, tissue was blocked with 10 % normal goat 

serum (NGS) in PB supplemented with 0.4 % Triton X-100 (PB-T) at 4 °C. After 2 h, the 

blocking solution was removed and slides were incubated with primary p19Arf antibody over-

night at 4 °C in 2 % NGS in PB-T as depicted in Table 18. The next day, slides were washed 

six times with PB for 5 min and incubated with the secondary anti-rat antibody for 2 h at 4 

°C in 2 % NGS in PB-T. Subsequently, slides were washed 5 times for 5 min with PB and 

nuclei were stained with DAPI (1:1000) for 10 min at RT prior to mounting. Images of stained 

tissue sections were taken with Leica LAS X software under a Leica DMi8 microscope. 

Positive staining was counted in six representative images of six different mice per condition 

using ImageJ Fiji. 
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Proximity Ligation Assay 

To assess protein-protein interaction, proximity ligation assay (PLA) was performed. There-

fore, cells were seeded directly onto a coverslip by seeding cells into a coverslip containing 

well of a 6-well plate. Cells were washed with 4 °C cold PBS and fixed with 4 % paraform-

aldehyde (PFA) in PB at RT for 20 min. After five washing steps for 5 min with PB, blocking 

and permeabilization were facilitated by incubation with 10 % normal goat serum (NGS) in 

PB-T for 2 h at 4 °C. Subsequently, three washing steps for 5 min with PB followed and the 

primary antibody dissolved in PB-T supplemented with 2 % NGS was incubated overnight 

at 4 °C. All antibodies and their dilutions used for PLA are listed in Table 19. The next day, 

the second day of PLA was performed according to the manufacturer's protocol. Cells were 

observed under a fluorescence microscope and images were taken with Application Suite 

(LAS) X software. To improve imagining, brightness and contrast were increased in all im-

ages identically using Photoshop. 

 

2.8 Statistical Analysis 

Data are represented as mean ± standard deviation (SD) and were visualized using 

GraphPad PRISM version 8.0.2 (Graphpad Software). Significance was calculated using 

the respective statistical tests depicted in the figure legends. Significance is indicated as * 

p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; and ns non-significant. 
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3 Results 

The histone methyltransferase EZH2 is regularly found to be overexpressed in PDAC (Chen 

et al. 2017). Given the tumor supporting activity of EZH2 and the availability of EZH2 inhib-

itors, the histone methyltransferase moved to the focus of clinical research. However, recent 

studies suggest a strong context-dependency of epigenetic regulators in general (Tsuda et 

al. 2021, Citron and Fabris 2020) and EZH2 in particular (Ougolkov et al. 2008, Kim et al. 

2013b, Chen et al. 2017, Patil et al. 2020, Bremer et al. 2021). Therefore, the first part of 

this study aimed at characterizing the context-dependency of EZH2 activity in PDAC pro-

gression and at elucidating important prerequisites for EZH2 inhibition as a potential strat-

egy in PDAC treatment. 

 

3.1 EZH2 depletion is not beneficial in orthotopic PDAC models 

Orthotopically transplanted Panc-1 Model 

In order to unravel the role of EZH2 in PDAC maintenance, we took advantage of an ortho-

topic transplantation model of human PDAC cells. We used the human pancreatic epithelial 

cancer cell line Panc-1 and depleted EZH2 by the CRISPR/Cas9 technique. Cells that un-

derwent the CRISPR/Cas9 technique but still expressed EZH2 were used as control. These 

cells are already established in the Hessmann group and have been published previously 

(Chen et al. 2017, Patil et al. 2020). The successful EZH2 KO was confirmed by loss of 

EZH2 expression and reduced H3K27me3 levels as detected by western blot analysis (Fig-

ure 6A) (Chen et al. 2017). Subsequently, these EZH2-expressing (Cas9 Ctrl) and -depleted 

(Cas9 EZH2 KO) cells were transplanted into the pancreas of immunodeficient NMRI-

Foxn1nu mice (Figure 6B). Transplantation, surveillance, and sacrificing of orthotopically 

transplanted mice as well as survival and relative tumor weight analysis were performed by 

Dr. Shilpa Patil, Department of Gastroenterology, Gastrointestinal Oncology and Endocri-

nology, UMG. EZH2 IHC validated the absence of EZH2 in the EZH2 KO tumor tissue (Fig-

ure 6C).  
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Figure 6: Orthotopic transplantation of human Panc-1 cells into NMRI-Foxn1nu mice. A West-

ern blotting analysis of Panc-1 cells, which were subjected to the CRISPR/Cas9 technique resulting 

in EZH2 proficient (Cas9 Ctrl) and EZH2-deficient (Cas9 EZH2 KO) cells. Successful knockout of 

EZH2 was confirmed by loss of EZH2 and reduction of H3K27me3 levels. H3 and β-actin served as 

loading controls (Chen et al. 2017). B Schematic displaying the transplantation of CRISPR/Cas9-

mediated Cas9 Ctrl and EZH2 KO Panc-1 cells into NMRI-Foxn1nu mice. Transplantation was con-

ducted by Dr. Shilpa Patil. C Representative images of H&E staining and immunohistochemical stain-

ing of EZH2 in orthotopic Panc-1 tumors (Magnification: 100 x, Scale bar 100 µm). 

 

Given the oncogenic activity of EZH2 and the findings that Panc-1 EZH2 KO cells revealed 

reduced proliferation and clonogenicity in vitro (Chen et al. 2017), we expected an advan-

tageous outcome of EZH2 depletion. However, EZH2 depletion did not lead to significant 

improvements in survival (median survival: Cas9 Ctrl cohort: 70 days, Cas9 EZH2 KO co-

hort: 76 days post transplantation) and relative tumor weight (Figure 7A, B). Moreover, H&E 

staining showed a similar microscopic appearance of EZH2-proficient and -deficient tumors 

(Figure 6C). Furthermore, immunohistochemical staining of Ki-67 revealed no EZH2 de-

pendent differences in cell proliferation (Figure 6C, D). To get insights into the stromal com-

position, we stained for αSMA as a marker for fibroblasts (Herman 1993), which are respon-

sible for the production of a desmoplastic microenvironment. Interestingly, αSMA staining 

was even increased in the absence of EZH2 (Figure 7C, D). In line with these findings, 

Masson´s Trichrome staining also displayed a higher collagen deposition (blue-stained 

area) in the absence of EZH2 (Figure 7C, D). However, the activated stroma index, a prog-

nostic marker, which is calculated by dividing the αSMA-stained area by the collagen-

stained area (Erkan et al. 2008) was similar in EZH2-proficient and -deficient orthotopic 

Panc-1 PDAC (Figure 7E). Together, our orthotopic Panc-1 transplantation model revealed 

no beneficial effect of EZH2 depletion. 

A B C 

Panc-1 orthotopic PDAC 



3 Results 

47 
 

        

 

 

                   

Figure 7: EZH2 depletion is not beneficial in orthotopic transplanted Panc-1 cells. A-B Kaplan-

Meier survival curve (A) and relative tumor weight (B) of NMRI-Foxn1nu mice after transplantation 

of EZH2-proficient (Cas9 Ctrl) and CRISPR/Cas9-mediated EZH2-deficient Panc-1 cells. Signifi-

cance of survival analysis was determined by Log-rank (Mantel-Cox) test, ns, non-significant. Signif-

icance of relative body weight was determined by two-tailed unpaired Student´s t test, ns, non-sig-

nificant. Each dot represents one mouse. Analyses were performed by Dr. Shilpa Patil. C-D Indicated 

immunohistochemical and Masson’s Trichrome staining (Magnification: 100 x, Scale bar: 100 µm) 

(C) and the respective indicated quantification (D). For Masson’s Trichrome and αSMA, positively 

stained areas of ten representative images (100 x) of each tumor were measured. For Ki-67 staining, 

number of Ki-67 positive cells of ten representative images (100 x) was counted and normalized to 

all cells. (Figure legend continued on next page). 

Panc-1 orthotopic PDAC 
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E Activated stroma index calculated by the ratio of αSMA-stained area to collagen-stained area. Each 

dot represents one mouse. Values represent mean ± SD. Significance was determined by two-tailed 

unpaired Student´s t test; **, p ≤ 0.01; ns, non-significant. 

 

Syngeneic orthotopically transplanted KPC Model 

Next, we speculated how much the absence of immune system in NMRI-Foxn1nu mice 

contributes to the unexpected results in our orthotopic Panc-1 model. It has been shown 

previously that both the immune system and the microenvironment have high relevance for 

tumor maintenance and progression especially in PDAC (Hessmann et al. 2020, Huber et 

al. 2020, Karamitopoulou 2019, Murakami et al. 2019). Therefore, we took advantage of a 

syngeneic PDAC model and transplanted KrasG12D;Trp53R172H/+ (KPC) cells into immuno-

competent C57BL/6J mice. The KPC model is one of the best established transgenic PDAC 

murine model systems harbouring both oncogenic Kras (KrasG12D) and Trp53 GOF 

(Trp53R172H/+) mutation rendering the resulting PDAC highly invasive and metastatic 

(Hingorani et al. 2005). To analyse the EZH2-specific effect, we generated CRISPR/Cas9-

mediated Ezh2 KO KPC cells. KPC cells that underwent to the CRISPR/Cas9 technique, 

but still expressed Ezh2 were used as control. These KPC cells are established in the Hess-

mann group and have been published before (Patil et al. 2020). The resulting Ezh2 KO was 

verified by western blot analysis (Figure 8A). Subsequently, the KPC Cas9 ctrl and KPC 

Cas9 Ezh2 KO cells were transplanted into the pancreas of immune-competent C57BL/6J 

mice for the generation od a syngeneic model (Figure 8B). Transplantation, surveillance, 

and sacrificing of orthotopically transplanted mice as well as survival and relative tumor 

weight analysis were performed by Dr. Shilpa Patil. EZH2 IHC validated the absence of 

EZH2 in the Ezh2 KO tumor (Figure 8C). 
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Figure 8: Syngeneic transplantation of murine KPC cells into C57BL/6J mice. A Immunoblotting 

of KrasG12D;Trp53R172H/+ (KPC) cells upon subjection to CRISPR/Cas9 technique resulting in Ezh2 

proficient (Cas9 Ctrl) and Ezh2-deficient (Cas9 Ezh2 KO) cells. Successful knockout of Ezh2 was 

confirmed by loss of EZH2 and reduction of H3K27me3 levels. H3 and β-actin served as loading 

controls. B Schematic illustration of syngeneic transplantation of CRISPR/Cas9-mediated Cas9 Ctrl 

and Ezh2 KO KPC cells into C57BL/6J mice. Transplantation was conducted by Dr. Shilpa Patil. C 

Representative images of H&E staining and immunohistochemical staining of EZH2 in syngeneic 

KPC tumors (Magnification: 100 x, Scale bar 100 µm). 

 

Again, and in accordance with our findings in the aforementioned Panc-1 orthotopic model, 

a better outcome of EZH2 depletion could not be observed in the syngeneic KPC model. 

On the contrary, the survival of mice bearing Ezh2-deficient tumors was even reduced (me-

dian survival: Cas9 ctrl cohort: 23 days, Cas9 Ezh2 KO cohort: 16 days post transplantation) 

(Figure 9A). However, we could not identify significant differences in the relative tumor 

weight (Figure 9B) and H&E staining suggested a similar microscopic phenotype of Ezh2-

proficient and -deficient orthotopic tumors (Figure 8C). Likewise, cell proliferation as meas-

ured by Ki-67 staining, fibroblast activity as indicated by αSMA staining, and collagen dep-

osition as revealed by the blue area in Masson´s Trichrome staining was unaffected by 

Ezh2 depletion (Figure 9C, D). Consistently, the calculated activated stroma index was also 

similar in Ezh2-proficient and -deficient tumors (Figure 9E). These findings suggest that it 

is not the presence of the immune system influencing the outcome of EZH2 depletion in 

PDAC but implicate that EZH2 activity is rather influenced by factors other than the immune 

system. 

A B C 
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Figure 9: EZH2 depletion does not favour a less aggressive phenotype in a syngeneic trans-

plantation model. A-B Survival curve (A) and relative tumor weight (B) of C57BL/6J mice post 

transplantation of Ezh2-expressing (Cas9 Ctrl) and CRISPR/Cas9-mediated Ezh2-deleted 

KrasG12D;Trp53R172H/+ (KPC) cells. Significance of survival analysis was determined by Log-rank 

(Mantel-Cox) test, ***, p ≤ 0.001. Significance of relative body weight was determined by two-tailed 

unpaired Student´s t test, ns, non-significant. Each dot represents one mouse. Analyses were per-

formed by Dr. Shilpa Patil. C-D Indicated immunohistochemical and Masson’s Trichrome staining 

(Magnification: 100 x, Scale bar: 100 µm) (C) and the respective quantification (D). For Masson’s 

Trichrome and αSMA, positively stained areas of ten representative images (100 x) of each tumor 

were measured. For Ki-67 staining, number of Ki-67 positive cells of ten representative images (100 

x) was counted and normalized to all cells. (Figure legend continued on next page). 
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E Activated stroma index calculated by the ratio of αSMA-stained area to collagen-stained area. Each 

dot represents one mouse. Values represent mean ± SD. Significance was determined by two-tailed 

unpaired Student´s t test, ns, non-significant. 

 

Consequently, in contrast to our initial hypothesis that EZH2 harbours tumor supporting 

functions in general, both our immune-deficient human and our immune-competent murine 

orthotopic PDAC models did not reveal a reduced tumor progression or a beneficial out-

come upon EZH2 depletion in PDAC. Hence, inhibition of EZH2 is not generally beneficial 

and associated with a better prognosis, but rather context-specific. This suggestion is in 

accordance with recent findings that EZH2 does not only harbour oncogenic activity 

(Ougolkov et al. 2008, Kim et al. 2013b), but also shows tumor-suppressive functions 

(Bremer et al. 2021). Therefore, we aimed at deciphering the context-defining characteris-

tics rendering EZH2 inhibition ineffective to predict the outcome of EZH2 inhibition as a 

potential PDAC therapy.  

 

3.2 EZH2 dependent target gene regulation is determined by the Trp53-

status 

Global transcriptional effects of EZH2 depletion 

We next examined potential context-determining characteristics that are present in our or-

thotopic models, in which EZH2 depletion does not render PDAC less aggressive and com-

pared it with the previous findings identifying oncogenic EZH2 activity (Patil et al. 2021, Patil 

et al. 2020). The most prominent difference was the TP53 status. A favourable outcome of 

EZH2 inhibition was mostly observed in TP53 wildtype conditions (Patil et al. 2021, Patil et 

al. 2020), whereas our orthotopic PDAC models harboured a mutation in TP53. Therefore, 

we hypothesized that the activity of EZH2 is specifically dependent on the TP53 status. To 

address this hypothesis, we took advantage of four different murine Trp53 wildtype (referred 

to as p53wt) or Trp53 mutant (referred to as p53mut) PDAC cells, depleted EZH2, and 

subsequently subjected these cells to RNA sequencing thereby analysing p53-status medi-

ated EZH2-dependent target gene regulation (Figure 10A). To reflect the p53wt situation, 

we used PDAC cells derived from the well-established KrasG12D (KC) and 

caNFATc1;KrasG12D (NKC) genetically engineered mouse models (GEMM) (Hingorani et al. 

2003, Baumgart et al. 2014). In KC mice, the oncogenic pancreas-specific KrasG12D mutation 

can initiate preinvasive lesions. Potentially, with low incidence, these lesions can develop 
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into invasive and metastatic PDAC (Hingorani et al. 2003). An additional factor to initiate 

and accelerate carcinogenesis in a Trp53 wildtype context and a KrasG12D mutant back-

ground is the constitutive nuclear expression of Nuclear Factor of Activated T cells 1 

(NFATc1), an inflammatory calcineurin-responsive transcription factor. KrasG12D combined 

with constitutive nuclear accumulation of NFATc1 in the pancreas led to the development 

of all grades of preinvasive lesions and the progression into invasive and metastatic PDAC 

with a penetrance of nearly 100 % (Baumgart et al. 2014). Comparable to human PDAC, 

NKC mice show typical human PDAC properties, such as cachexia and abdominal exten-

sion due to ascites and duodenal obstruction (Baumgart et al. 2014, Chen et al. 2015, 

Hessmann 2014), rendering NKC cells suitable to study PDAC in a p53wt condition (Patil 

et al. 2020, Patil et al. 2021). For cells harbouring a mutation in Trp53, we used the afore-

mentioned KPC cells as a corresponding model to KC cells. Additionally, we utilized 

KrasG12D;caNFATc1;Trp53R172H/+ (KNPC) cells as the corresponding model to NKC cells. 

These cells were derived from KNPC mice which developed dedifferentiated PDAC and 

mostly died within 6-8 weeks. Like NKC mice, they also revealed characteristic PDAC symp-

toms, including cachexia and abdominal ascites. Indeed, as expected compared to the 

p53wt NKC model, the p53mut KNPC model exhibited accelerated PDAC development and 

progression (Singh et al. 2015). To exclude effects that may be specific to one particular 

p53 mutation, we used p53mut cell lines containing the same Trp53R172H/+ GOF mutation. 

To study the EZH2 dependent target gene regulation, we performed triplicates of Ezh2 

knockdown in KC, KPC, and KNPC cells using siRNA prior to RNA-seq analysis. Raw data 

of RNA-seq of NKC cells after shRNA-mediated Ezh2 knockdown has been published pre-

viously and was used for our studies (Figure 10) (Patil et al. 2020). IN the interest of com-

parability, it was analysed with the same pipeline and under the same conditions as used 

for the KC, KPC, and KNPC cells. Successful Ezh2 knockdown was confirmed by qRT-PCR 

analysis (Figure 10B). 
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Figure 10: RNA sequencing of murine PDAC cells. A Schematic illustration of the RNA-sequenc-

ing procedure in p53wt and p53mut PDAC cells. B qPCR in the indicated murine PDAC cells vali-

dating the knockdown of EZH2. Values represent mean ± SD. Significance was determined by two-

tailed unpaired Student´s t test; **, p ≤ 0.01; ****, p ≤ 0.0001. 

 

Initially, quality, similarities of triplicates, and differences among the four conditions (Ezh2-

proficient vs. Ezh2-deficient and p53wt vs. p53mut) were confirmed by principal component 

analysis (PCA) and sample-to-sample distances (Figure 11A-E). To better display the dis-

tances of KNPC cells in the presence and absence of EZH2, which clustered closely to-

gether in a joint NKC-KNPC diagram (Figure 11B), PCA was performed separately and 

validated the clustering of two different conditions (Ezh2-proficient vs. Ezh2-deficient) (Fig-

ure 11C).   

 

A 
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Figure 11: Principal component analysis and sample-to-sample distances of RNA-seq. A-C 

PCA plots showing the similarities of the triplicates and the differences in the conditions after Ezh2 

knockdown (KD) in KC and KPC (A) and NKC and KNPC (B) cells. To improve the visualization of 

the distances between KNPC Ezh2-proficient (KNPC Ctrl) and Ezh2-deficient (KNPC KD) cells, PCA 

was performed separately (C). D-E Heatmap of sample-to-sample distances of triplicates of KC and 

KPC (D) and NKC and KNPC (E) cells upon knockdown of EZH2 after RNA-seq. 

 

A 

B C 

D E 



3 Results 

55 
 

To reduce false-positive gene expression, genes with an expression of lower than 0.01 

Fragments per kilobase of transcript per million mapped fragments (FPKM) were excluded 

from analysis resulting in including approximately 70 % of the whole genome. In order to 

investigate global Trp53-status dependent differential gene regulation by EZH2, we dis-

played the FPKM values of all genes being significantly upregulated (log2FC > 0.5, q < 

0.05) in p53wt PDAC cells in a heatmap and investigated the consequences of EZH2 knock-

down in the respective p53mut cells (Figure 12). 

 

    

Figure 12: EZH2 regulates target genes differentially in p53wt and p53mut cells. A-B Heatmap 

displaying the expression of significantly upregulated genes in KC (A) and NKC (B) upon EZH2 

silencing from RNA-seq and its consequences on the expression of these genes in the respective 

p53mut cells (FPKM > 0.01, log2FC > 0.5, q < 0.05).  

 

In KC cells, we found 384 upregulated genes upon EZH2 knockdown. Interestingly, these 

genes were mostly not upregulated in KPC cells but rather unaltered or even downregulated 

(Figure 12A). Even more distinct, in NKC cells, EZH2 knockdown led to the upregulation of 

1322 genes. However, these genes were mostly not upregulated in the respective KNPC 

cells (Figure 12B) suggesting that the Trp53-status alters the global EZH2-dependent target 

gene regulation. To also consider PRC2-independent effects of EZH2, we also looked at 
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genes being significantly downregulated (log2FC < -0.5, q < 0.05) in p53wt PDAC cells upon 

knockdown of EZH2 and examined the effects on the expression in the respective p53mut 

cells (Figure 13). In KC cells, we identified 188 genes that were significantly downregulated 

upon EZH2 silencing. Interestingly, these genes were mostly not altered in KPC cells (Fig-

ure 13A). Similarly, in NKC cells 964 genes were found to be significantly downregulated 

upon EZH2 knockdown whereas in KNPC cells the expression of these genes remained 

mostly similar (Figure 13B). Together, these findings suggest that the Trp53-status not only 

impacts the canonical methyltransferase activity of EZH2 but also alters potential non-ca-

nonical EZH2 functions or indirect EZH2 effects. 

 

 

Figure 13: PRC2 independent EZH2 activity in p53wt and p53mut PDAC. A-B Heatmap illus-

trating significantly downregulated genes (FPKM > 0.01, log2FC < -0.5, q < 0.05) upon 

knockdown of EZH2 in KC (A) and NKC (B) cells and its consequences on the expression 

of these genes in the respective p53mut cells. 

 

EZH2 depletion favours better prognosis restrictively in p53wt PDAC 

Next, we assessed whether the Trp53-status not only influences the global transcriptional 

level, but also genes that are associated with a favourable PDAC prognosis to examine if 

the Trp53-status determines the prognostic relevance of EZH2 inhibition. Therefore, we 

used publicly available transcriptomic data from The Cancer Genome Atlas (TCGA) where 

857 genes were classified as ‘Favorable Prognosis’ genes, meaning that high expression 
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of these genes correlates with better overall survival (Weinstein et al. 2013). In line with 

previous findings (Patil et al. 2020) our analysis revealed that EZH2 depletion correlates 

with better prognosis only in p53wt PDAC, but not in p53mut PDAC (Figure 14). As previ-

ously published (Patil et al. 2020), the enrichment of favorable prognosis genes is highly 

significant (Negative Enrichment Score (NES): -1.302, False Discovery Rate (FDR) q value: 

0.003) upon EZH2 blockade in NKC cells. In KC cells the tendency that EZH2 depletion led 

to the enrichment of favorable prognosis genes (NES: -1.10, FDR q value: 0.16) is also 

verifiable. However, it is only significant when using an FDR q value cutoff of 25 % (Figure 

14A). Contrary, in p53mut cells, better prognosis was either unaltered by EZH2 depletion 

as for KNPC (NES: 1.00, FDR q value: 0.44) or even associated with the presence of EZH2 

as for KPC (NES: 1.22, FDR q value: 0.03) (Figure 14B).  

Consequently, consistent with the results of our orthotopic in vivo model, in p53mut cells, 

we could not detect a beneficial outcome of EZH2 depletion, whereas in p53wt PDAC cells 

we do see an advantageous effect of EZH2 blockade. Together, these findings support our 

hypothesis that the TP53-status determines the regulation of EZH2 target genes with impli-

cation in PDAC prognosis. 

 

 

 

(Figure legend on next page) 
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Figure 14: EZH2 silencing correlates with better prognosis only in p53wt PDAC. A-B Gene set 

enrichment analysis (GSEA) in the indicated p53wt (KC, NKC) (A) and p53mut (KPC, KNPC) (B) 

PDAC cells display a positive enrichment of ‘Favorable prognosis’-associated genes upon knock-

down of EZH2 after RNA-sequencing (RNA-seq) only in p53wt PDAC cells (GSEA of NKC as pub-

lished previously in Patil et al. 2020). 

 

3.3 Inverse effects of apoptotic processes depending on the TP53 status 

EZH2 regulates apoptosis and p53 pathway-related genes 

To examine pathways differentially regulated in p53wt and p53mut PDAC, we performed 

gene ontology (GO) analysis. Our NKC-KNPC model revealed that p53 pathway and apop-

tosis-associated genes are significantly enriched upon EZH2 depletion restrictively in p53wt 

NKC cells, whereas in p53mut KNPC cells, they are unaltered (apoptosis) or even down-

regulated (p53 pathway) (Figure 15). 

 

 

Figure 15: Upregulation of Apoptosis and p53 Pathway associated gene sets are restricted to 

p53wt NKC cells. A, B Gene ontology (GO) analysis displaying significantly up- and downregulated 

pathways upon EZH2 silencing in NKC (A) and KNPC (B) cells (p < 0.05). Importantly, p53 Pathway 

and apoptosis-related genes are only enriched in p53wt NKC cells. 
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Consistently, in KC cells, we observed significant upregulation of apoptosis and p53 

pathway genes while in KPC cells these gene sets were not affected upon EZH2 depletion 

(Figure 16).  

 

 

Figure 16: Apoptosis and p53 pathway associated gene sets are only enriched in p53wt PDAC 

cells. A-B Gene ontology (GO) analysis displaying significantly upregulated pathways upon EZH2 

silencing in KC (A) and KPC (B) cells (p < 0.05). 

 

To confirm the significance of the Trp53-status on EZH2-dependent target gene regulation 

and specifically on apoptosis-related and p53 pathway associated genes, we selected 62 

genes from the Molecular Signatures Database (MSigDB) (Liberzon et al. 2015) that are 

pro-apoptotic and/or p53 pathway-related and that were highly upregulated in NKC cells 

upon knockdown of EZH2 (Figure 17). In line with our previous findings, we found a positive 

enrichment of these gens upon EZH2 depletion only in p53wt NKC cells, whereas in p53mut 

KNPC cells these genes were mostly not enriched (Figure 17). 

In summary, our data support our hypothesis that the TP53-status alters EZH2-dependent 

target gene regulation and significantly determines the outcome of EZH2 depletion.  
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Figure 17: EZH2 blockade results in an enrichment of apoptosis and/or p53 pathway-related 

genes in NKC cells. Heatmap displaying the expression of 62 selected pro-apoptotic and/or p53 

pathway associated genes in NKC and KNPC cells upon EZH2 knockdown after RNA-seq (FPKM > 

0.01). 

EZH2 depletion favours apoptosis-related gene sets restrictively in p53wt PDAC 

Based on our GO analysis that EZH2 depletion resulted in an enrichment of apoptosis-

related pathways, we next aimed at exploring, whether the Trp53 status indeed impacts 

apoptotic processes. Initially, we performed GSEA and compared our RNA-seq results to 

apoptosis-related gene sets (Figure 18). In p53wt PDAC cells, we revealed an enrichment 

of pro-apoptotic genes upon EZH2 knockdown (KC: NES: -1.19, FDR q value: 0.13, NKC: 

NES: -1.41, FDR q value: 0.02) (Figure 18A) whereas in p53mut cells apoptotic gene sets 

were either even enriched in siCtrl condition (KNPC: NES: 1.32, FDR q value: 0.05) or not 

significantly regulated (KPC: NES: 1.01, FDR q value: 0.45) (Figure 18B). 

 



3 Results 

61 
 

 

           

           

Figure 18: Depletion of EZH2 mediates apoptosis only in p53wt PDAC. A-B Gene set enrich-

ment analysis (GSEA) upon RNA-seq in the indicated p53wt (KC, NKC) (A) and p53mut (KPC, 

KNPC) (B) cells upon knockdown of EZH2 revealing enrichment of apoptotic gene sets.  

 

Opposite functional consequences of EZH2 depletion on apoptosis induction de-

pending on the Trp53-status 

To explore whether the transcriptomic differences also resulted in functional implications, 

we looked for apoptotic processes both on the protein level using immunoblotting analysis 

and on the functional level using Annexin-V and propidium iodide (PI) staining followed by 

flow cytometry. Simultaneous staining of Annexin-V and PI can distinguish between living 

(Annexin-V and PI negative), early apoptotic (positive for Annexin-V but negative for PI), 

late apoptotic (positive for both Annexin-V and PI), and dead (positive for PI but negative 

for Annexin-V) cells. Since EZH2 depletion alone is not sufficient to induce detectable 

proapoptotic processes on a functional level, we took advantage of the potent protein kinase 

C inhibitor staurosporine (STS) to effectively induce apoptosis (Couldwell et al. 1994). 
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Notably, only in p53wt cells, the additional knockdown of EZH2 combined with STS treat-

ments augmented apoptotic processes, as demonstrated by increased cleavage of PARP 

and caspase 3 (Figure 19A, B). Specifically, the increased cleavage of caspase 3 was very 

prominent in NKC cells (Figure 19B). Moreover, the portion of early apoptotic cells was 

significantly increased upon STS treatment and EZH2 depletion (Figure 19A, B). Contrary 

and in accordance with our GSEA, in p53mut PDAC cells, EZH2 depletion did not acceler-

ate apoptosis induction. In KPC cells, pro-apoptotic cleavage of PARP and caspase 3 as 

well as the fractions of apoptotic cells upon flow cytometry analysis were similar in the pres-

ence and absence of EZH2 (Figure 19C). In KNPC cells, a reduced cleavage of PARP and 

caspase 3 was at least observed on protein level, however, it did not result in reduced An-

nexin-V staining (Figure 19D).  

 

 

 

(Figure continued on next page) 
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Figure 19: EZH2 depletion augments apoptosis restrictively in p53wt cells. A-D Elucidation of 

apoptosis induction upon knockdown of EZH2 and simultaneous treatment with 0.5 µM staurosporine 

(STS) (24 h) in the indicated p53wt (KC (A), NKC (B)) and p53mut (KPC (C), KNPC (D)) cells. West-

ern blot analysis of whole cell lysate (left panel) revealing successful EZH2 knockdown and apoptotic 

response to STS treatment. β-actin served as loading control. DMSO treatment was used as control. 

Annexin-V/propidium iodide (PI) staining and subsequent analysis by flow cytometry (right panel) to 

assess apoptosis induction. Data from three independent experiments were analysed and cells were 

classified as alive (negative for Annexin-V and PI), early apoptotic (positive for Annexin-V, negative 

for PI), late apoptotic (positive for both Annexin-V and PI), and dead (positive for PI, negative for 

Annexin-V). Significance was determined by two-tailed unpaired Student´s t test; **, p ≤ 0.01; ns, 

non-significant. 
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Additionally, to confirm our findings and underline the relevance of the Trp53 status on the 

consequences of EZH2 depletion, we combined EZH2 silencing with the chemotherapeutic 

agent 5-fluorouracil (5-FU) treatment to induce programmed cell death (Shi et al. 2002). 

Consistent with our previous results, the absence of EZH2 and treatment with the chemo-

therapeutic drug 5-FU led to enhanced apoptosis induction as identified by increased levels 

of cleaved PARP and cleaved caspase 3 only in p53wt PDAC cells (Figure 20A). In contrast, 

in p53mut cells, EZH2 depletion did not increase cleavage of PARP or caspase 3 (Figure 

20B). 

 

          

          

Figure 20: Trp53 wildtype status accelerates apoptosis upon EZH2 silencing.A-B Western blot 

analysis to elucidate apoptosis induction upon EZH2 silencing and treatment with 10 µM 5-fluoroura-

cil (5-FU) (24 h) in the indicated p53wt (A) and p53mut (B) PDAC cells. DMSO treatment was used 

as control. β-actin served as loading control. 
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Additionally, to exclude that the observed inverse consequences of EZH2 depletion de-

pending on the Trp53-status were due to cell line-specific properties other than the Trp53-

status, we used a p53null system and transfected re-expressed p53wt or p53mut constructs in 

KrasG12D;caNFATc1;Trp53∆/∆ (KNPnullC) cells. KNPnullC cells are derived from 

KrasG12D;caNFATc1;Trp53∆/∆ GEMM and these KNPnullC mice have comparable phenotypic 

PDAC characteristics to those of KNPC mice (Singh et al. 2015). Upon knockdown of EZH2 

and simultaneous treatment with 5-FU, we observed no changes in PARP and caspase 3 

cleavage in the p53null condition. More importantly, an augmented activation of caspase 3 

and cleavage of PARP in p53wt condition was detectable, whereas in p53mut condition 

cleavage of caspase 3 was higher in the presence of EZH2, while PARP cleavage remained 

unchanged. These findings underlined that the oncogenic EZH2 activity with regard to in-

duction of pro-apoptotic markers is strongly p53-status dependent (Figure 21).  

 

 

Figure 21: Opposite consequences of EZH2 blockade depending on p53wt expression. 

KrasG12D;caNFATc1;Trp53∆/∆ (KNPnullC) cells were transfected with p53wt or p53mut construct to re-

express p53wt or p53mut, respectively. Subsequently, EZH2 was silenced using siRNA and apoptosis 

was induced using 10 µM 5-fluorouracil (5-FU) (24 h). Whole cell lysates were conducted to im-

munoblot analysis to confirm successful EZH2 knockdown and p53 re-expression and to assess 

apoptotic response to 5-FU treatment. β-actin served as loading control. Densitometric quantification 

of cleaved caspase 3 detection was performed using ImageJ and is revealed under the respective 

band. 
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Similarly, we used human primary PDAC cells with p53wt (GöCDX13) and p53mut 

(GöCDX5) expression and demonstrated that EZH2 depletion fostered apoptosis induction 

as revealed by activation of caspase 3 only in the p53wt condition whereas in p53mut cells 

cleavage of caspase 3 was not detectable (Figure 22).  

 

 

Figure 22: EZH2 depletion induces caspase 3 cleavage only in p53wt human PDAC. Knock-

down of EZH2 in primary human PDAC cells with p53mut (GöCDX5) and p53wt (GöCDX13) expres-

sion and subsequent western blotting analysis to examine pro-apoptotic cleaved caspase 3 level. β-

actin served as loading control. 

 

In summary, our in vitro data highlight a strong context-dependency of EZH2 inhibition spe-

cifically regarding the TP53-status and suggest that depletion of EZH2 might be restrictively 

advantageous in TP53 wildtype PDAC, but not in subtypes bearing mutations in TP53. 

 

3.4 EZH2 regulates the p53wt protein 

Since our RNA-seq analysis in p53wt PDAC cells revealed that EZH2 depletion led not only 

to the enrichment of apoptotic related gene sets but also to the upregulation of p53 pathway 

associated gene sets (Figure 15, Figure 16), we aimed to investigate the functional impli-

cations of EZH2 knockdown on p53 expression. Surprisingly, on the mRNA level, we could 

not detect any significant differences upon EZH2 depletion on Trp53 gene expression both 

in p53wt and in p53mut PDAC cells (Figure 23A). However, on protein level, we observed 

an upregulation of p53 upon EZH2 knockdown, restrictively in p53wt PDAC cells (Figure 

10B, Figure 23B), suggesting that EZH2 regulates p53wt on a post-translational level. 
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Figure 23: EZH2 regulates p53wt on a post-translational level. A-B qRT-PCR (A) and western 

blot (B) analysis in the indicated p53wt and p53mut PDAC cells upon knockdown of EZH2 to assess 

the consequences on p53 expression. Knockdown of EZH2 on mRNA level was shown previously in 

Figure 10B. Values represent mean ± SD. Significance was determined by two-tailed unpaired Stu-

dent´s t test, ns, non-significant. 

 

Next, we addressed a potential post-translational EZH2-dependent p53wt regulation. As 

previously described (see 1.2 The Tumor Suppressor p53, p. 6) the expression of p53wt is 

tightly regulated. In unstressed cells, p53wt is quickly destabilized by proteasomal degra-

dation mediated by E3-ligases such as Mouse double minute 2 homolog (Mdm2) (Oliner et 

al. 1992, Momand et al. 1992). However, this strict regulation is abolished in tumors with 

mutant p53 resulting in stabilization and accumulation of p53mut protein (Lukashchuk and 

Vousden 2007, Frum and Grossman 2014). To examine, if EZH2 regulates p53wt on a post-

translational level, we interfered with the translational machinery using cycloheximide 

(Schneider-Poetsch et al. 2010), thus obtaining information on the half-life of the p53wt 

protein. Indeed, cycloheximide treatment displayed a prolonged half-life of p53wt in EZH2-

depleted cells. Densitometric measurements of p53 protein detection confirmed the in-

creased p53wt stability upon EZH2 knockdown (Figure 24). 
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Figure 24: EZH2 decreases stability of p53wt protein. A-B NKC (A) and KC (B) cells were treated 

with 20 mg/ml cycloheximide for the indicated time points to prevent re-synthesis of p53 thereby 

providing information on p53 half-life. Whole cell lysates were subjected to western blot analysis to 

analyse p53 protein level. Densitometric quantification of p53 detection was performed using ImageJ 

and normalized to the respective H2O-treated control. Quantification is revealed under the respective 

band.  

 

Consistently, our data suggest that EZH2 promotes p53wt degradation (Figure 25). By using 

the proteasome inhibitor MG132, which blocks proteasomal degradation of p53, we exam-

ined the extent of ubiquitinated p53wt (Zhu et al. 2007). Importantly, the p53wt protein is 

stronger ubiquitinated in the presence of EZH2 (Figure 25), emphasizing that EZH2 accel-

erates the degradation of p53wt.  
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Figure 25: EZH2 promotes p53wt degradation. NKC cells were treated with 10 µM of the pro-

teasome inhibitor MG132 for 1 h and were subjected to western blotting analysis to examine the 

ubiquitination levels of p53. DMSO treatment was used as negative control. β-actin served as loading 

control. 

 

3.5 EZH2 regulates p53wt via the CDKN2A axis 

Cdkn2a is repressed by EZH2 

The significant role of p14ARF and its murine equivalent p19Arf has been intensively studied. 

It is encoded by the Cdkn2a gene locus and forms stable complexes with Mdm2 thereby 

preventing Mdm2 from binding and destructing p53, thus leading to p53 stabilization (Zhang 

et al. 1998). Notably, Cdkn2a also appeared among the 62 selected apoptosis-related 

and/or p53 pathway-associated genes that are highly enriched in NKC cells upon EZH2 

knockdown (Figure 17). Accordingly, we used our RNA-seq data and overlayed all signifi-

cantly upregulated genes in all four cell types. We identified 35 genes that were only upreg-

ulated in p53wt condition (KC, NKC), but not in p53mut cells (KPC, KNPC) (Figure 26A) (35 

genes are listed in Supplementary Table 1). We performed expression analysis of these 

genes in independent EZH2 knockdown experiments. Herein, we validated the expected 

upregulation upon EZH2 knockdown in p53wt cells and revealed that these genes are not 

upregulated in p53mut cells (Figure 26B-D). Importantly, Cdkn2a was detected among 

these 35 genes that were significantly upregulated only in p53wt, but not in p53mut PDAC 

cells (Figure 26D). Hence, FPKM values from RNA-seq analysis displayed that in p53wt 

cells Cdkn2a reads are significantly enriched upon EZH2 knockdown normalized to control 

condition whereas in p53mut cells Cdkn2a reads remain similar upon normalization to con-

trol condition (Figure 26C). 
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Figure 26: Selection of genes, that are restrictively repressed by EZH2 in p53wt but not in 

p53mut cells. A Venn diagram showing the intersection of significantly upregulated genes (FPKM > 

0.01, log2FC > 0.5, q < 0.05) in the indicated p53wt and p53mut PDAC cells upon knockdown of 

EZH2 upon RNA-seq. (Figure legend continued on next page). 

KC NKC 

A 

B 

KPC KNPC 

C D 



3 Results 

71 
 

Box reveals a selection of five of 35 genes that are only upregulated in p53wt but not in p53mut cells. 

B qRT-PCR to validate the gene expression level of the selected and indicated genes. C Gene ex-

pression of Cdkn2a upon EZH2 knockdown in the indicated cells. D Cdkn2a FPKM counts normal-

ized to control condition in the indicated PDAC cells. Values represent mean ± SD. Significance was 

determined by two-tailed unpaired Student´s t test; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns, non-

significant. 

 

Cdkn2a is a direct target gene of EZH2 

Our RNA-seq data imply that EZH2 silences Cdkn2a in p53wt cells. To identify if Cdkn2a 

displays a direct EZH2 target gene in PDAC as indicated previously (Comet et al. 2016, 

Pinton et al. 2021, Yamagishi and Uchimaru 2017, Kotake et al. 2007, Sparmann and van 

Lohuizen 2006), we performed chromatin immunoprecipitation (ChIP) analysis followed by 

qRT-PCR in NKC cells. ChIP experiments were conducted by Dr. Shilpa Patil and following 

qRT-PCR analysis by Lennart Versemann. Since EZH2 predominantly binds to the tran-

scriptional start site (TSS)/promoter regions of genes (Patil et al. 2020), we examined if 

Cdkn2a TSS is bound by EZH2. Indeed, ChIP experiments displayed a strong EZH2 binding 

at the Cdkn2a TSS (Figure 27A). To examine if EZH2 knockdown also results in transcrip-

tional activation of Cdkn2a, we analysed H3K4me3 occupancy at the Cdkn2a TSS. The 

trimethylation of histone 3 at lysine 4 (H3K4me3) loosens the packaging of DNA, resulting 

in increased accessibility of genes, thereby facilitating the activation of transcription (Barski 

et al. 2007). In line with increased expression of Cdkn2a upon EZH2 knockdown (Figure 

26C), we identified enriched H3K4 trimethylation at the Cdkn2a gene upon knockdown of 

EZH2 (Figure 27B), suggesting that the gene activation of Cdkn2a is increased upon EZH2 

depletion. Hence, these data are in accordance with EZH2-dependent transcriptional re-

pression of Cdkn2a in PDAC. 
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Figure 27: Cdkn2a is a direct EZH2 target gene and repressed by EZH2. A-B Chromatin im-

munoprecipitation (ChIP) and subsequent qRT-PCR in NKC cells reveals binding of EZH2 at the 

Cdkn2a transcriptional start site (TSS) region (A) and increased H3K4me3 occupancy ipon EZH2 

knockdown at the Cdkn2a gene (B). 

 

Functional consequences of p19Arf knockdown in EZH2 deficient PDAC cells 

Next, we aimed for examining the functional relevance of the discovered EZH2 dependent 

Cdkn2a silencing on the stability and the half-life of p53wt. Therefore, we transiently 

knocked down p19Arf in EZH2-deficient NKC cells and blocked the translational machinery 

by treating the cells with cycloheximide. Indeed, the stability and the half-life of p53wt were 

clearly reduced upon p19Arf knockdown (Figure 28), suggesting that the EZH2-dependent 

Cdkn2a repression is critically involved in EZH2-dependent p53wt regulation. Hence, we 

identified that EZH2 mediates p53wt degradation via repressing Cdkn2a expression, thus 

resulting in reduced p19Arf synthesis.  

 

 

Figure 28: EZH2 alters p53wt half-life indirectly via p19Arf encoded by Cdkn2a.  

(Figure legend continued on next page). 
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Whole cell lysate of NKC shEZH2 cells upon knockdown of p19Arf and treatment with cycloheximide 

(20 mg/ml) for the indicated periods were subjected to western blot analysis to reveal the influence 

of p19Arf on p53 half-life upon EZH2 deficiency. Densitometric quantification of p53 detection was 

performed using ImageJ and is depicted under the respective band. p19Arf knockdown was validated. 

β-actin served as loading control. 

 

To elucidate if the EZH2 dependent regulation of p19Arf is also causative for reduced apop-

tosis induction in the presence of EZH2 in p53wt PDAC cells, we silenced p19Arf in NKC 

cells lacking EZH2 and simultaneously treated the cells with STS or 5-FU (Figure 29). Im-

portantly, cleavage of PARP and caspase 3 was significantly decreased upon p19Arf knock-

down, implying that apoptotic processes were reduced upon the loss of p19Arf in EZH2 de-

ficient PDAC. Accordingly, the EZH2-dependent regulation of Cdkn2a expression is also 

involved in the suppression of apoptotic processes. 

 

           

Figure 29: P19Arf knockdown decreases drug-induced apoptosis upon EZH2 deficiency. A-B 

Western blot analysis in NKC shEZH2 cells upon knockdown of p19Arf and treatment with stauro-

sporine (STS) (0.5 µM) (A) or 5-fluorouracil (5-FU) (10 µM) (B) for 24 h revealing successful p19Arf 

knockdown and level of apoptosis-related marker to STS or 5-FU, respectively. DMSO treatment 

was used as control. β-actin served as loading control. 

 

In summary, the herein identified EZH2-dependent Cdkn2a repression has functional con-

sequences for the EZH2 dependent p53wt degradation and the inhibition of apoptosis in 

p53wt PDAC cells. 
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3.6 PDAC formation despite low EZH2 expression 

PDAC formation despite EZH2 depletion by evading p19Arf upregulation in GEMM 

Next, we investigated the significance of the EZH2-dependent Cdkn2a regulation on the 

EZH2-dependent PDAC development and maintenance in vivo. Therefore, we utilized a 

KrasG12D;Ezh2fl/fl (KEC) GEMM with pancreas-specific homozygous Ezh2 deficiency (Chen 

et al. 2017, Mallen-St Clair et al. 2012) and compared it to KC mice (Figure 30A) which are 

Trp53 wildtype. Surveillance and sacrificing of mice were conducted by members of the 

Hessmann group. Tumor incidence, relative tumor weight, and survival analysis were per-

formed by Dr. Shilpa Patil. Notably, Ezh2 depletion led to decreased number and severity 

of PDAC precursor lesions (Figure 30B). 

 

               

 

Figure 30: Homozygous Ezh2 depletion reduces precursor lesions and PDAC. A Schematic 

illustration of KrasG12D (KC) and KrasG12D;Ezhfl/fl (KEC) GEMM. B H&E staining of precursor lesions 

and PDAC of the indicated genotypes. EZH2 IHC confirms the presence of EZH2 in KC tissue and 

the absence in KEC tissue. Magnification 100 x, Scale bar 100 µm. 

 

In line with our hypothesis that EZH2 deficiency leads to upregulation of p19Arf, we detected 

higher levels of p19Arf in KEC precursor tissue as identified by western blot analysis and 

immunofluorescence (Figure 31, Figure 32).  
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Figure 31: Lack of EZH2 leads to increased p19Arf level in precursor lesions. Protein samples 

were extracted from pancreatic tissue from KC and KEC mice (12 weeks old) harbouring PDAC 

precursor lesions and subjected to immunoblot analysis. Lack of EZH2 was successfully confirmed 

and leads to increased levels of p53 and p19Arf. ERK1/2 served as loading control. 

 

Consistent with increased p19Arf levels, p53 levels were increased in KEC, although p21 

expression was not increased in all the lysates (Figure 31). However, our findings suggest 

that despite Kras mutation, EZH2 depletion led to the activation or maintenance of tumor-

suppressive mechanisms by increasing p19Arf and p53 expression. 

 

      

Figure 32: Tumors that develop despite the absence of EZH2 reveal low p19Arf levels. A Im-

munofluorescence staining of p19Arf (red) of precursor lesions and PDAC of KC and KEC 

mice. (Figure legend continued on next page). 
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DAPI (blue) staining was performed to visualize nuclei. Single-channel photographs of DAPI or 

p19Arf, respectively, were merged. Magnification 100 x, Scale bar, 100 µm. B Bar graph showing 

quantification of p19Arf staining. Positive staining was counted in six representative images of six 

different mice per condition using ImageJ Fiji. One dot represents one mouse. Significance was de-

termined using two-tailed unpaired Student´s t test, **, p ≤ 0.01, ns, non-significant. 

 

Consistent with our findings of at least partially sustained tumor failsafe mechanisms in the 

Ezh2-deficient pancreas, KEC mice that were allowed to age until reaching endpoint criteria 

revealed a significantly reduced tumor incidence (KC: 81 % vs KEC: 42 %) (Figure 33A) 

and tumors of these mice showed a significantly smaller tumor weight normalized to body 

weight (Figure 33B). Surprisingly, the tumor-specific survival of KEC mice was not pro-

longed compared to KC mice (Figure 33C). 

 

             

Figure 33: Ezh2 depletion reduces tumor incidence and relative tumor weight but does not 

alter survival in vivo. A Bar graph revealing reduced PDAC incidence in KEC survival mice com-

pared to KC survival mice. Significance was determined using Fisher’s exact test. ***, p ≤ 0.001. B 

Relative tumor weight of KC and KEC mice. Each dot represents one mouse, significance was de-

termined using two-tailed unpaired Student´s t test, *, p ≤ 0.05. C Kaplan-Meier plot of KC and KEC 

mice to illustrate no significant differences in tumor-specific survival. Significance was determined by 

log-rank (Mantel-Cox) test. ns, non-significant. 

 

Therefore, we speculated that KEC mice that do develop PDAC were able to bypass the 

activation of tumor-suppressive mechanisms and do not upregulate p19Arf and p53 expres-

sion in precursor lesions (Figure 31). Accordingly, we compared immunofluorescence and 

western blot analysis of PDAC tissue of KC and KEC (Figure 32, Figure 34). Contrary to 

our observations in precursor lesions but in line with our hypothesis, we found similar and 

only very little p19Arf expression in both KEC and KC PDAC (Figure 32, Figure 34). Moreo-

ver, p53 and its downstream target p21 were not upregulated in KEC tumor compared to 
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KC PDAC (Figure 34), suggesting that KEC mice that do develop PDAC despite Ezh2 de-

ficiency can evade the upregulation of p19Arf and p53 and subsequent induction of tumor 

fail-safe mechanisms. 

 

Figure 34: PDAC that is formed even without Ezh2 shows low p19Arf levels. Western blot anal-

ysis was performed with PDAC tissue lysates from KC and KEC mice. Lack of EZH2 was successfully 

confirmed but does not result in increased leads p53, p21, and p19Arf level. Arrow indicates an un-

specific band for p19Arf. ERK1/2 served as loading control. 

 

Human PDAC formation despite low EZH2 expression by evading p14ARF upregulation 

Finally, we examined whether these observations could be translated to human PDAC. 

Therefore, we selected 17 human PDAC patients with resectable tumors that have been 

characterited as TP53 wildtype (as detected by gene panel-sequencing in cooperation with 

the Institute of Human Genetics, UMG). 14 out of these 17 patients carried an additional 

CDKN2A wildtype expression (Figure 35A). Subsequently, we performed IHC staining of 

EZH2 and p14ARF in the 14 TP53 and CDKN2A wildtype resected PDAC samples, quantified 

the staining, and grouped the patients according to their EZH2- and p14ARF- expression into 

EZH2high/low and p14ARF high/low (Figure 35). EZH2 staining was performed by Jennifer Appel-

hans, Department of Pathology, UMG. Generally, the EZH2 levels in all 14 resected PDACs 

were relatively low supporting previous findings that high EZH2 levels and activity correlates 

with advanced tumor progression and dedifferentiation (Ougolkov et al. 2008, Patil et al. 

2020). Remarkably, the majority (78 %) of these 14 patients revealed nearly no EZH2 ex-

pression (< 7 % positive EZH2 staining). Within this EZH2low group, we identified eight pa-

tients with low p14ARF expression (< 13 % positive p14ARF staining) and only three patients 

with high p14ARF expression. In accordance with the function of EZH2 as a transcriptional 

repressor of CDKN2A, there was no patient with high p14ARF expression in the EZH2high 
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group, but three patients with low p14ARF expression (Figure 35C, D). Hence, our data sug-

gest that in established human PDAC EZH2 expression levels do not significantly affect 

p14ARF expression. In the absence of genetic alterations of the CDKN2A gene, these find-

ings argue for the existence of EZH2-independent epigenetic mechanisms that contribute 

to CDKN2A wildtype repression in EZH2low PDAC subtypes. 

Consequently, our findings that EZH2 deficient PDAC can evolve through bypassing the 

upregulation of p14ARF/p19Arf might also be evident in human PDAC. This underlines the 

significance of an intact p14ARF-p53wt signalling cascade for the therapeutic efficacy of 

EZH2 inhibition in PDAC treatment. 

 

 

 

(Figure continued on next page) 
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Figure 35: Human PDAC with low EZH2 expression mostly reveals low p14ARF levels. A Sche-

matic displaying the process of how TP53 wildtype human PDAC patients were classified depending 

on their EZH2 and p14ARF expression. B Representative images of EZH2 and p14ARF IHC in human 

PDAC grouped in EZH2low/p14ARF low or EZH2low/p14ARF high, respectively. Magnification 100 x, Scale 

bar, 100 µm. C Quantification of EZH2 and p14ARF staining. Dotted line indicates classification in ‘low’ 

and ‘high’ expression. Positive staining was counted in ten representative images using ImageJ Fiji. 

One dot represents one patient. D Bar graph showing number of patients in the respective group 

indicating that number of p14ARF high patients in EZH2low group does not significantly differ from number 

of p14ARF high patients in EZH2high group. 

 

Together, we identified a TP53-status dependent EZH2 functions in pancreatic cancer. Our 

findings suggest that EZH2 inhibition might be a beneficial strategy in TP53 wildtype PDAC 

subtypes with an intact CDKN2A-TP53wt axis but not in TP53mut PDAC subtypes.  
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3.7 EZH2-p53 complex formation in PDAC 

Native EZH2-p53-binding in PDAC 

Besides the canonical function of EZH2 acting as a methyltransferase and mediating tri-

methylation of H3K27 leading to gene repression, it is also known that EZH2 has non-ca-

nonical histone-methyltransferase-independent and chromatin-independent functions. In 

castration-resistant prostate cancer, for instance, EZH2 interacts with the androgen recep-

tor (Xu et al. 2012) and in breast cancer, EZH2 regulates and activates the NF-ĸB signalling 

pathway (Lee et al. 2012, Lawrence and Baldwin 2016). Recently, we also identified non-

canonical functions of EZH2 in PDAC by its chromatin-independent interaction with NFATc1 

(Patil et al. 2021). 

Given these non-canonical functions evident in several tumor entities, we speculated if 

EZH2 also harbours additional histone-methyltransferase-independent functions in PDAC. 

Hence, in the second part of this thesis, we aimed at elucidating potential histone-methyl-

transferase-independent mechanisms by which EZH2 potentially regulates p53. Specifi-

cally, we aimed at examining a direct EZH2-p53-binding in PDAC since EZH2 can interact 

with different proteins as demonstrated in other cancer types (Xu et al. 2012, Wienken et 

al. 2016). Therefore, we performed immunoprecipitation (IP) studies in different murine and 

human p53wt and p53mut PDAC cells. Indeed, we could reveal a physical binding between 

EZH2 and p53wt and p53mut in murine KC, NKC, KPC, and KNPC but also in human p53wt 

GöPDX13 upon precipitation for EZH2 (Figure 36). 
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Figure 36: EZH2 and p53 form a stable complex. A-E Immunoprecipitation (IP) of EZH2 in murine 

KC (A), NKC (B), KPC (C), KNPC (D), and human GöPDX13 (E) PDAC cells indicates a physical 

interaction of EZH2 and p53. Normal rabbit immunoglobulin G (IgG) was used as negative control. 

Input of whole cell lysates was subjected to western blot analysis and reveals presence of respective 

proteins in lysates. 

 

The physical interaction of EZH2 and p53 was confirmed by proximity ligation assay in NKC 

cells when visualized under the fluorescence microscope (Figure 37). Two different primary 

antibodies recognized EZH2 and p53, respectively. Due to its near proximity, secondary 

antibodies containing oligonucleotides could start rolling circle DNA synthesis. Upon DNA 

amplification, fluorescence-labelled complementary DNA probes were added leading to 

high fluorescent signals (red). DAPI (blue) staining was used to visualize the nucleus. For 

negative control, only primary p53 antibody was added (Figure 37). 
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Figure 37: EZH2 and p53 physically interact with each other. Proximity ligation assay (PLA) in 

NKC cells to confirm EZH2-p53-complex formation. Top: Two primary antibodies raised in different 

species recognize the target antigens (EZH2 and p53). Red signal reveals the proximity of EZH2 and 

p53. Bottom: Negative control without EZH2 primary antibody. Scale bar 200 x, 100 µm. Scale bar 

400 x, 50 µm. To improve visualization, contrast and brightness were increased in all images identical 

using Photoshop. 
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P53 DNA-binding domain is involved in the interaction with EZH2 

To examine the specific domain of p53 interacting with EZH2, we took advantage of various 

human p53 variants lacking different protein domains cloned in a pCEP4 expression vector 

and re-expressed these p53 variants in the previously introduced KNPnullC cells (Pietenpol 

et al. 1994). The p53wt protein comprises 393 amino acids (aa) and five key domains. In 

the N-terminal, the p53wt protein consists of a transactivation domain (TAD), subdivided in 

TAD1 and TAD2, followed by a proline-rich region (PRR). The DNA-binding domain (DBD) 

is in the centre of the protein followed by a flexible linker region. In the C-terminal, the p53 

protein comprises an oligomerization domain (OD) and the C-terminal regulatory domain 

(CTD) (see 1.2 The Tumor Suppressor p53, p. 6). Besides the p53wt construct, we also re-

expressed three additional p53 variants. The VP1680-p53 variant lacks the TAD (aa 1-79) 

and contains a foreign TAD from herpes simplex virus VP16 (aa 410-489) instead. In the 

p53-343CC variant, the CTD (aa 343-393) is replaced by a foreign coiled-coil (CC) domain 

of the yeast transcription factor Gcn4. Finally, in the VP1680-p53-343CC variant, both the 

TAD and the CTD are replaced by VP1680 and 343CC, respectively (Pietenpol et al. 1994) 

(Figure 38A). Upon re-expression of these variants in KNPnullC cells, we confirmed the ex-

pression of the resulting proteins using western blot analysis (Figure 38B). Subsequently, 

we performed IP analysis and precipitated for the p53 variants to investigate whether EZH2 

is bound to these p53 variants. Although the p53-pulldown was not equal for all p53 variants, 

we detected that EZH2 is bound to all these variants even if not to the same extent (Figure 

38B). In general, we could detect a good binding of EZH2 with p53wt, the VP1680-p53, and 

the p53-343CC protein, however, the binding of EZH2 with the double mutated VP1680-

p53-343CC protein seemed to be the weakest. Since all variants share an intact full-length 

DNA-binding domain and EZH2 binding was at least partially observed for all variants, our 

findings suggested that the DNA-binding domain of p53 is involved in the interaction with 

EZH2 (Figure 38B). 
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Figure 38: DNA-binding domain of p53 interacts with EZH2. A Schematic illustration of the struc-

ture of different human p53 variants cloned in a pCEP4 expression vector (Pietenpol et al. 1994). 

The wildtype protein p53 consists of 393 amino acids (aa). N-terminal p53 contains the transactiva-

tion domain (TAD), which can be subdivided in TAD1 and TAD2, and the proline-rich region (PRR), 

followed by the central DNA-binding domain, a flexible linker region (grey), an oligomerization domain 

(OD), and the C-terminal regulatory domain (CTD). For the VP1680-p53 vector, the TAD1/2 of p53 

was replaced by a foreign TAD from herpes simplex virus VP16 (aa 410-489). The p53-343CC vector 

contains instead of the CTD domain a foreign truncated coiled-coil (CC) domain of the yeast tran-

scription factor Gcn4. In the VP1680-p53-343CC vector, both the TAD1/2 and the C-terminal CTD 

are replaced by foreign VP1680 and 343CC, respectively (Pietenpol et al. 1994). B Whole cell lysates 

of p53null KNPnullC cells upon re-expression of different p53 variants followed by immunoprecipitation 

(IP) of p53 and subsequent western blot analysis to identify the specific domain of p53 physically 

interacting with EZH2. Normal mouse immunoglobulin G (IgG) was used as negative control, p53 IP 

samples were detected using an HRP-linked p53 antibody. Input of whole cell lysates was subjected 

to western blotting analysis and reveals successful re-expression of p53 and presence of EZH2. 

Empty vector transfection was used as control (Ctrl) condition. β-actin served as loading control. 

 

A 
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PRC2 complex members are involved in the EZH2-p53-complex 

Next, we aimed at unravelling if the other PRC2-complex members Suz12 and Eed are also 

involved in the EZH2-p53-complex. Therefore, we precipitated for p53 in NKC cells and 

stained for EZH2, Suz12, and Eed in western blot analysis (Figure 39A). Importantly, the IP 

approach confirmed the existence of the EZH2-p53 complex with endogenous p53 and 

EZH2 upon p53 pulldown, thus confirming our previous findings upon EZH2 pulldown and 

from PLA (Figure 36, Figure 37). Notably, besides EZH2 we also detected Suz12 and Eed 

bound to p53 (Figure 39A), suggesting that the PRC2 complex members participate in the 

EZH2-p53 complex. Furthermore, we examined the significance of the presence of Suz12 

and Eed for the EZH2-p53 complex. We silenced Suz12 or Eed using siRNA, pulled down 

EZH2, and observed the p53 levels bound to EZH2 by western blot analysis (Figure 39B). 

Our IP approaches revealed that the amount of p53 co-precipitated by EZH2-pulldown was 

reduced, but did not completely vanish upon silencing the other PRC2 complex members. 

Since the precipitated EZH2 varied among the three conditions, we quantified and normal-

ized p53 to the respective levels of the EZH2 bait protein and the siCtrl condition using 

ImageJ revealing that the knockdown of the PRC2 complex members led to a reduction of 

the EZH2-p53 binding. Upon silencing of Suz12 or Eed the amount of p53 bound to EZH2 

was reduced by approximately one-third (Figure 39B). Hence, our observations suggest 

that Suz12 and Eed do not only participate but also partially stabilize the complex formation 

of p53 and EZH2.  
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Figure 39: PRC2 complex members participate in the EZH2-p53-complex. A Immunoprecipita-

tion (IP) of p53 in NKC cells to examine potential protein-protein binding of p53 and PRC2-complex 

member EZH2, Suz2, and Eed. (*) marks the (upper) band representing immunoglobulin heavy chain 

(~ 50 kDa), (→) marks the (lower) band representing p53. Normal mouse immunoglobulin G (IgG) 

was used as negative control. Input of whole cell lysates was subjected to western blot analysis and 

reveals the presence of respective proteins in lysates. B Whole cell lysates of NKC cells upon knock-

down of Suz12 or Eed, respectively, and subsequent pulldown of EZH2 followed by western blot 

analysis. Rabbit IgG was used as negative control and p53 IP samples were detected using an HRP-

linked p53 antibody. Upon densitometric quantification of EZH2 and p53 using ImageJ, p53 was 

normalized to the respective EZH2 band and siCtrl condition and is depicted above the respective 

p53 band. Input of whole cell lysates was subjected to immunoblot analysis displaying successful 

silencing of Suz12 and Eed, respectively, and presence of EZH2 and p53. β-actin served as loading 

control. 

 

EZH2-p53 complex is MDM2 and methyltransferase-independent 

Previously, it has been shown that EZH2 and Mdm2 directly form a complex in osteosar-

coma cells in the absence of p53 (Wienken et al. 2016). Since Mdm2 also binds to p53 

(Kussie et al. 1996) we asked whether the herein detected EZH2-p53 interaction might re-

quire Mdm2 expression. Consequently, we investigated if Mdm2 participates in the EZH2-

p53 complex and if Mdm2-knockdown can disrupt the EZH2-p53-binding. However, our 

findings revealed that Mdm2 did not physically interact with EZH2 in PDAC and that the 

EZH2-p53 binding was therefore Mdm2 independent (Figure 40). 
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Figure 40: Mdm2-independent EZH2-p53 complex formation. Transient knockdown of Mdm2 us-

ing siRNA followed by immunoprecipitation (IP) of EZH2 and subsequent western blot analysis in 

NKC cells. Normal rabbit immunoglobulin G (IgG) was used as negative control. Input of whole cell 

lysates was subjected to western blot analysis revealing successful Mdm2 knockdown and presence 

of respective proteins in lysates. β-actin served as loading control. 

 

Next, we investigated if the EZH2-p53 complex is methyltransferase-dependent. Therefore, 

we treated NKC cells with the potent methyltransferase inhibitor Tazemetostat (EPZ-6438) 

(Lue and Amengual 2018) prior to EZH2 pulldown and western blot analysis. Reduction of 

H3K27me3 levels revealed successful Tazemetostat treatment (Figure 41A). Importantly, 

before and after inhibition of EZH2 methyltransferase we detected similar amounts of p53 

bound to EZH2 suggesting that the physical interaction is methyltransferase independent 

(Figure 41B). 
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Figure 41: Methyltransferase-independent EZH2-p53-binding. A NKC cells were treated with 

Tazemetostat (EPZ-6438) (750 nM for 72 hrs) to inhibit EZH2 methyltransferase activity. Successful 

treatment was verified by H3K27me3 decrease demonstrated upon western blot analysis. DMSO 

was used as treatment control. H3 and β-actin served as loading control. B EZH2-immunoprecipita-

tion (IP) upon treatment with Tazemetostat revealing methyltransferase activity-independent EZH2-

p53-complex formation. Normal rabbit immunoglobulin G (IgG) was used as negative control. Input 

of whole cell lysates was subjected to western blot analysis and shows the presence of respective 

proteins in lysates.  

 

In summary, our findings revealed a mechanistic binding between EZH2 and p53 in different 

PDAC cell lines irrespective of the TP53-status. Moreover, we identified that the DNA-bind-

ing domain of p53 is involved in the interaction with EZH2 and that the EZH2-p53 binding 

is methyltransferase and Mdm2 independent. We also discovered that the other two PRC2 

complex members, Suz12 and Eed, are relevant for the EZH2-p53 interaction. 
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4 Discussion 

4.1 TP53-status determines oncogenic EZH2 activity 

EZH2 is the catalytic domain of the epigenetic regulator PRC2 mediating trimethylation on 

H3K27 resulting in silencing of target genes through local chromatin condensation (Pasini 

et al. 2004). EZH2 is regularly overexpressed in various solid cancer types including breast, 

prostate, and lung cancer, and is regularly associated with poor prognosis and advanced 

tumor stages (Kleer et al. 2003, Varambally et al. 2002, Matsukawa et al. 2006, Liu et al. 

2016). Previous findings reveal that dysregulated EZH2 activity has a pivotal role in tumor 

initiation, progression, and invasion (Koh et al. 2011, Garipov et al. 2013, Richter et al. 

2009). Given these oncogenic features of EZH2 and the availability of EZH2 inhibitors, the 

histone methyltransferase is being explored in clinical research in several cancer types. 

In PDAC, EZH2 is frequently highly expressed and associated with dedifferentiated high 

tumor grading and worse survival implicating its oncogenic functions (Chen et al. 2017, 

Ougolkov et al. 2008, Patil et al. 2020). Recently, our group has shown that EZH2 favours 

pro-tumorigenic processes by regulating proliferation, clonogenicity, cellular plasticity, and 

dedifferentiation in vitro as well as mediating PDAC development and progression in vivo. 

(Patil et al. 2020, Chen et al. 2017). Moreover, EZH2 expression and activity were associ-

ated with a more aggressive and invasive PDAC phenotype. Mechanistically, EZH2 silences 

GATA6 expression thereby counteracting less aggressive classical PDAC subtype identity 

(Patil et al. 2020). 

Given these tumor-promoting activities of EZH2, we expected a beneficial outcome of EZH2 

depletion in our orthotopic PDAC models. Surprisingly, and in contradiction to our initial 

hypothesis, we could not reveal advantageous effects of EZH2 depletion in these two or-

thotopic PDAC models. It is noteworthy, that neither mice survival nor typical tumor charac-

teristics, including proliferation marker and tumor stroma composition displayed a beneficial 

effect upon EZH2 depletion. However, the aforementioned oncogenic EZH2 activity, includ-

ing the regulation of clonogenicity and cellular plasticity identified in vitro (Patil et al. 2020, 

Chen et al. 2017) implies a crucial role of EZH2 in PDAC maintenance which needs to be 

elucidated. Given the central impact of the immune system and the microenvironment on 

tumor maintenance and progression especially in PDAC (Hessmann et al. 2020, Huber et 

al. 2020, Karamitopoulou 2019, Murakami et al. 2019), we initially explained the unexpected 

findings from our immune-deficient Panc-1 PDAC model with the absence of the immune 

system. However, we could also not confirm the previously identified oncogenic EZH2 
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activity in the presence of the immune system in our syngeneic KPC PDAC model. Notably, 

the survival of mice bearing Ezh2-deficient tumors was even diminished. 

It is well known that epigenetic processes are generally highly tissue- and context-depend-

ent and that a specific cellular or genetic background can determine if the influence of epi-

genetic processes is rather oncogenic or tumor-suppressive. Several EZH2 studies have 

revealed its oncogenic as well as tumor-suppressive functions indicating the context-de-

pendent roles of EZH2 (Ougolkov et al. 2008, Chen et al. 2017, Patil et al. 2020, Vanharanta 

et al. 2013, Bremer et al. 2021). One example of tumor-suppressive EZH2 activity was found 

in T cell acute lymphoblastic leukemia (T-ALL), an immature hematopoietic malignancy. In 

T-ALL, oncogenic NOTCH1 signaling results in the loss of EZH2 activity, thereby promoting 

T-ALL progression (Ntziachristos et al. 2012). Moreover, tumor-suppressive functions of 

PRC2 were found in clear cell renal carcinoma (Vanharanta et al. 2013). It was shown that 

the hypoxia-inducible factor (HIF)-driven chemokine receptor 4 (CXCR4) expression was 

activated through the loss of PRC2-dependent H3K27me3 in support of chemotactic cell 

invasion resulting in increased metastasis formation (Vanharanta et al. 2013). Furthermore, 

recent studies revealed that in colorectal cancer high EZH2 expression significantly corre-

lated with favorable prognosis also implying its tumor-suppressive functions (Bremer et al. 

2021).  

However, the context-specificity of EZH2 is not only shown in other tumor entities but is also 

evident in the pancreas. Previous studies have reported tumor-suppressive EZH2 activity 

in pancreatic regeneration (Mallen-St Clair et al. 2012, Chen et al. 2017). This was demon-

strated by the findings that loss of EZH2 leads to impaired pancreatic regeneration upon 

acinar cell injury, suggesting that EZH2 prevents acinar cells from malignant transformation 

(Mallen-St Clair et al. 2012, Chen et al. 2017). Interestingly, constitutive active KRAS sig-

naling switches the tumor-suppressive activity of EZH2 into tumor promotive activities and 

accelerates pancreatic carcinogenesis demonstrating the context-dependency of EZH2 ac-

tivity (Chen et al. 2017). Mechanistically, the KRAS-driven EZH2-dependent acceleration of 

pancreatic tumorigenesis is mediated by NFATc1, the inflammatory calcineurin-responsive 

transcription factor. It was shown that in the KRAS wildtype background, EZH2 represses 

Nfatc1, thereby enabling acinar cell redifferentiation and avoiding organ atrophy. However, 

under the influence of oncogenic KRAS activation, the EZH2-dependent Nfatc1 repression 

was abrogated and PDAC progression was fostered (Chen et al. 2017). This KRAS-de-

pendent EZH2 activity demonstrates that the genetic background highly impacts the activity 

of EZH2 and determines whether EZH2 mediates oncogenic or tumor-suppressive func-

tions. Consequently, the specific cellular and genetic context highly contribute to the 
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context-dependent activity of EZH2. It can only be speculated why the EZH2 activity reveals 

this strong context-dependency. Eventually, there might be context-dependent EZH2 inter-

action partners recruiting EZH2 to different target genes, thus influencing their expression. 

Moreover, also non-canonical EZH2 function might contribute to the strong context-depend-

ency. Hence, EZH2 might also alter the activity of crucial context-dependent transcription 

factors, thereby changing their target gene regulation.  

To examine the context-dependent activity of EZH2 in PDAC, we aimed at deciphering the 

specific context-defining characteristics rendering EZH2 inhibition in our orthotopic PDAC 

models ineffective to generally predict the outcome of EZH2 inhibition as a potential PDAC 

therapy. Hence, we compared the specific genetic background of our model where we could 

not detect a strong oncogenic activity of EZH2 with studies stating pro-tumorigenic EZH2 

functions. Indeed, we could identify a very pronounced difference. In our orthotopic model, 

we used TP53mut PDAC, whereas previously published studies used TP53wt PDAC mod-

els (Patil et al. 2020).  

The tumor-suppressor gene TP53 encoding for p53 is a frequent target of mutations in can-

cer, including PDAC (Bailey et al. 2016). These TP53 mutations lead to the loss of typical 

tumor suppressor functions like the regulation of cell cycle progression and apoptosis. Ad-

ditionally, it mediates oncogenic gain-of-function such as supporting cell invasion, cell mi-

gration, and induction of genomic instability (Brosh and Rotter 2009, Freed-Pastor and 

Prives 2012, Alexandrova et al. 2017, Mantovani et al. 2019). Consequently, the TP53-

status highly impacts the functional behavior of cancer cells.  

Our unexpected findings that EZH2 blockade is not beneficial in our orthotopic PDAC mod-

els demonstrate the strong context-dependency of EZH2 activity. We reveal that specifically 

the TP53-status determines the oncogenic activity of EZH2 and the consequences of EZH2 

inhibition. Interestingly, our findings are in accordance with results from a transgenic mouse 

model of Non-Small-Cell-Lung-Cancer (NSCLC). In this model, inhibition of PRC2 hindered 

tumor formation in a TP53wt background, whereas in NSCLC harbouring a TP53 mutation 

PRC2 blockade even accelerated tumor formation (Serresi et al. 2016). 
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TP53-status determines EZH2-dependent target gene regulation 

Based on these findings that the TP53-status determines oncogenic EZH2 activity, we 

aimed at elucidating the impact of the TP53-status on EZH2-dependent target gene regu-

lation by comparing transcriptomic analysis in the presence and absence of EZH2 with re-

spect to the TP53-status. In accordance with our findings that the TP53-status determines 

the outcome of EZH2 depletion in our orthotopic PDAC models, we could also reveal that 

the TP53-status differentially influences and determines global EZH2-dependent target 

gene regulation. Notably, specifically p53-pathway and apoptosis-related gene signatures 

are differentially regulated by EZH2 depending on the TP53-status. Our findings demon-

strate that EZH2 loss led to the enrichment of these gene signatures only in TP53wt PDAC 

cells, whereas in TP53mut PDAC cells these gene signatures were either unaltered or even 

diminished. Importantly, EZH2 knockdown correlates with transcriptional programs indicat-

ing favorable prognosis restrictively in TP53wt PDAC cells. Notably, we could demonstrate 

these TP53-status-dependent transcriptional EZH2 activities in two different genetic back-

grounds. Both in the presence and absence of constitutively active NFATc1, the TP53-sta-

tus differentially influences EZH2 activity, thus underlining the strong TP53-status depend-

ency of EZH2 activity. To further investigate potential reasons for the identified TP53-status-

dependent transcriptional EZH2 activity, genome-wide binding and expression analysis 

could be performed to examine distinct differences in EZH2 target gene regulation. Based 

on our findings, it can be speculated that ChIP-seq analysis in TP53wt and TP53mut PDAC 

cells might identify different direct EZH2 target genes altering the outcome of EZH2 inhibi-

tion. Eventually, TP53-status-dependent competing factors might influence the EZH2 bind-

ing, thereby altering its target gene repression.  

 

TP53-status determines the outcome of EZH2 depletion 

Given the enrichment of apoptosis-related pathways in our GO and GSEA analysis upon 

knockdown of EZH2 restrictively in p53wt PDAC cells, we aimed at exploring whether the 

TP53-status also functionally impacts apoptotic processes. Indeed, our study provides pre-

clinical evidence demonstrating augmented apoptosis induction only in TP53wt PDAC upon 

additional convenient apoptosis-inducing strategy, whereas in TP53mut PDAC, induction of 

apoptotic processes was unaltered or even diminished upon apoptosis-inducing treatment 

and simultaneous EZH2 blockade. Therefore, our preclinical data suggest a therapeutic 

potential of EZH2 inhibition in PDAC, selectively in patients with a TP53wt-status, thus un-

derlining the clinical relevance of our results. Hence, our findings demonstrate the 
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significance of molecular stratification approaches to outbid the potential of EZH2 inhibition 

as a therapeutic strategy in PDAC treatment. 

One huge challenge in PDAC therapy is the acquirement of drug resistance mediated by 

cellular plasticity installed by epigenetic processes allowing PDAC cells to adapt to internal 

and external cues escape cancer therapy (Singh et al. 2015). Therefore, epigenetic therapy 

aims to conquer drug resistance and sensitize PDAC to chemotherapy. Hence, the combi-

nation of targeted epigenetic therapy with classical chemotherapy could expand and im-

prove cancer therapy resulting in increased treatment success. Generally, targeting epige-

netic processes in cancer therapy are highly efficient and has gained approval in several 

less heterogeneous malignancies, including lymphoma and multiple myeloma. The EZH2 

inhibitor tazemetostat (EPZ-6438), for instance, is approved for adult patients with relapsed 

or refractory follicular lymphoma and for non-resectable epithelioid sarcoma (Hoy 2020). 

However, epigenetic treatment strategies in PDAC remain challenging due to the heteroge-

neous and diverse genetic alterations in PDAC (Hessmann et al. 2017). Nevertheless, cur-

rent preclinical and clinical studies using pharmacological inhibition of epigenetic processes 

reveal promising therapeutic strategies. Several clinical trials are ongoing examining the 

clinical use of epigenetic inhibitors even if the effective use in PDAC is far from being clinical 

routine (Hessmann et al. 2020, Versemann et al. 2022). Importantly, given the heterogene-

ous genetic alterations occurring in PDAC (Waddell et al. 2015, Bailey et al. 2016), deeper 

mechanistic and functional insights into context-determining conditions need to be eluci-

dated to safely introduce epigenetic inhibitors and predict their clinical outcome.  

Like the aforementioned studies in NSCLC (Serresi et al. 2016), our findings in PDAC reveal 

that interfering with EZH2 expression is predominately beneficial in TP53wt tumors provid-

ing preclinical evidence demonstrating that a specific genetic background in general and 

the TP53-status, in particular, regulates EZH2 function. In line with the findings that the 

TP53-status determines the outcome of EZH2 inhibition, there are studies in gastric cancer 

using 3-deazaneplanocin A (DZNep) to inhibit EZH2. DZNep is an S-adenosyl-L homocys-

teine hydrolase inhibitor mediating EZH2 inhibition of the methyltransferase activity and 

protein depletion. The depletion of EZH2 results in cancer cell growth inhibition and apop-

tosis activation in several tumor entities, including breast, prostate, lung, gastric, and brain 

cancer (Gonzalez et al. 2009, Fan et al. 2011, Tan et al. 2007, Cheng et al. 2012). In gastric 

cancer, it was shown that the effectiveness of DZNep treatment correlates with the TP53wt 

status as well demonstrated by the findings that TP53wt cells are more sensitive toward 

DZNep treatment (Cheng et al. 2012). Mechanistically, better responsiveness of TP53wt 

gastric cancer cells was caused by increased p53 stability leading to the activation of 
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canonical p53 targets such as p21 and Fas revealing the significance of an intact p53 sig-

naling for the tumor-suppressive functions mediated by EZH2 inhibition (Cheng et al. 2012). 

Therefore, also in TP53wt PDAC, EZH2 inhibitors such as DZNep could be tested in vivo 

studies to examine whether the proposed beneficial outcome of EZH2 inhibition can be also 

observed in vivo. 

 

4.2 The role of EZH2 in the regulation of p53 

In accordance with the findings in gastric cancer, we also identified the pivotal role of func-

tional p53 signaling in PDAC for appropriate apoptosis induction. Interestingly, our findings 

identified a mechanism suggesting post-translational EZH2-dependent p53 regulation. We 

identified that Cdkn2a encoding for p14ARF in humans and p19Arf in mice is a direct target of 

EZH2 in TP53wt PDAC leading to EZH2-dependent silencing of Cdkn2a (Figure 42). In line 

with previous results, our findings support that Cdkn2a is repressed by EZH2 (Comet et al. 

2016, Pinton et al. 2021, Yamagishi and Uchimaru 2017, Kotake et al. 2007, Sparmann and 

van Lohuizen 2006) but also that EZH2 targets differ depending on the specific genetic 

background, again supporting the strong context-dependency of EZH2 activity. Given the 

crucial role of p14ARF/p19Arf in inhibition of the p53-antagonist Mdm2, EZH2 regulates p53 

indirectly by repressing p14ARF/p19Arf leading to increased Mdm2-dependent p53 destabili-

zation. Therefore, our studies identified one mechanism by which EZH2 indirectly regulates 

the p53wt protein stability by epigenetically repressing Cdkn2a (Figure 42).  
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Figure 42: Proposed mechanism of the involvement of EZH2 influencing the functional trian-

gle of p53, Mdm2, and p14ARF/p19Arf. EZH2 represses CDKN2A, thereby abrogating p14ARF/p19Arf-

dependent inhibition of Mdm2-mediated p53 degradation. Destabilized p53 cannot induce tumor-

suppressive functions, such as apoptosis. Given that TP53wt PDAC can evolve despite low EZH2 

levels by evading p14ARF/p19Arf upregulation, it can be hypothesized that additional EZH2-independ-

ent epigenetic mechanisms potentially contribute to CDKN2A repression in these PDAC subtypes. 

Importantly, EZH2-dependent Cdkn2a repression has functional consequences for the 

EZH2-dependent p53wt destabilization demonstrated by the reduction of apoptosis in 

p53wt PDAC cells. Interestingly, it has been shown that p19Arf also has multiple p53-inde-

pendent tumor-suppressive effects. This was displayed by mouse models that are deficient 

for p19Arf, p53, and Mdm2 showing a higher susceptibility to developing tumors than mice 

lacking only p53 and Mdm2 (Weber et al. 2000). Moreover, previous studies have shown 

that p14ARF/p19Arf mediates tumor-suppressive p53-independent functions by suppression 

of MYC-induced hyperproliferation, ribosomal RNA processing, and NF-κB transactivation 

(Qi et al. 2004, Sugimoto et al. 2003, Rocha et al. 2003). Besides inhibition of MYC-induced 

hyperproliferation, p14ARF/p19Arf can additionally foster MYC-induced apoptosis induction 

(Qi et al. 2004). Given these p53-independent tumor suppressor functions of p14ARF/p19Arf, 

it can be speculated that EZH2 inhibition in TP53wt PDAC with a functional p14ARF/p19Arf 

expression mediates tumor-suppressive consequences through p53-dependent and p53-
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independent processes, thereby increasing the tumor-suppressive effect of EZH2 inhibition 

in TP53wt PDAC.  

Besides these p53-independent p14ARF/p19Arf functions in other tumor entities, our study 

demonstrates the significance of an intact CDKN2A-TP53wt axis to induce tumor fail-safe 

mechanisms in PDAC. However, this CDKN2A-TP53wt axis is frequently disrupted. Accord-

ingly, PDAC formation occurs despite low EZH2 expression also in TP53wt PDAC. Hence, 

these TP53wt EZH2low PDAC can evolve by evading p14ARF/p19Arf upregulation suggesting 

the existence of EZH2-independent epigenetic mechanisms that contribute to CDKN2A 

wildtype repression in EZH2low PDAC subtypes. Interestingly, hypermethylation of CDKN2A 

was frequently observed in various tumor entities, including head and neck squamous cell 

carcinoma (HNSCC), colorectal cancer, and esophageal cancer resulting in CDKN2A si-

lencing correlating with tumor progression, poor prognosis, and therapy prediction (Zhou et 

al. 2018, Maeda et al. 2003, Zhou et al. 2017). Notably, also in PDAC CDKN2A was found 

to be hypermethylated (Fukushima et al. 2002, Peng et al. 2006, Baylin and Jones 2011, 

Park et al. 2012) suggesting that in PDAC as well hypermethylation of CDKN2A is involved 

in silencing p14ARF/p19Arf expression thereby disrupting the CDKN2A-TP53wt axis. Conclu-

sively, our study provides preclinical evidence demonstrating that EZH2 inhibition might be 

restrictively beneficial in TP53 wildtype PDAC subtypes harboring an intact CDKN2A-

TP53wt axis. 

 

4.3 Functional consequences of the EZH2-p53 interaction 

Although EZH2 is predominantly known for its canonical epigenetic function leading to gene 

repression, EZH2 additionally comprises different non-canonical functions involved in 

dysregulated signaling pathways in various cancer types, including breast cancer, prostate 

cancer, glioblastoma, pancreatic cancer, and leukemia (Shi et al. 2007, Lee et al. 2011, Xu 

et al. 2012, Kim et al. 2013b, Patil et al. 2021, Wang et al. 2022). Interestingly, the identifi-

cation of oncogenic non-canonical EZH2 activity was causative for the development of spe-

cific EZH2 degraders, such as MS1943 and MS177, using the proteolysis-targeting chimera 

(PROTAC) technique to develop small molecules that are able to deplete and degrade 

EZH2. Preclinical studies reveal a higher potency of these EZH2 degraders than small mol-

ecules that only inhibit the methyltransferase-activity of EZH2, such as tazemetostat (EPZ-

6438) supporting the existence and significance of non-canonical functions of EZH2 (Ma et 

al. 2020, Wang et al. 2022).  
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As one investigated non-canonical function, EZH2 can act as a transcriptional (co-) activator 

and accelerates tumor cell proliferation by binding to different transcription factors (Lee et 

al. 2011, Shi et al. 2007). In estrogen receptor-positive breast cancer, for instance, EZH2 

directly binds to estrogen receptor alpha (ERα) and β‐catenin thereby activating the tran-

scription of oncogenic MYC and cyclin D3 (Shi et al. 2007). In estrogen receptor-negative 

breast cancer, EZH2 interacts with RelA and RelB, which are members of the NF‐κB tran-

scription factor family, and induces the transcription of NF‐κB target genes leading to cell 

proliferation (Lee et al. 2011). Furthermore, in colon cancer, EZH2 forms a complex with 

PCNA‐associated factor (PAF) and β‐catenin resulting in oncogenic activation of the Wnt 

signaling pathway (Jung et al. 2013). Very recently, Wang et al. showed that in acute leu-

kemia EZH2 physically interacts with MYC and p300 leading to tumor-promoting gene acti-

vation (Wang et al. 2022). Furthermore, EZH2 can also mediate non-canonical transcrip-

tional activating functions in a PRC2-independent manner (Xu et al. 2012). In castration‐

resistant prostate cancer, AKT1 phosphorylates serine 21 of EZH2 leading to the separation 

of EZH2 from the PRC2 complex. Subsequently, EZH2 directly binds to the androgen re-

ceptor and the complex activates the target gene transcription of the oncogenic androgen 

receptor (Xu et al. 2012).  

Besides its transcriptional (co-) activating function, EZH2 can also modify and methylate 

non-histone proteins, both PRC2-dependent and -independent, thereby controlling various 

cellular functions (He et al. 2012, Lee et al. 2012, Kim et al. 2013b). In glioblastoma, for 

instance, upon AKT1-mediated phosphorylation of EZH2 at serine 21, EZH2 methylates 

STAT3 in a PRC2-independent manner resulting in the activation of STAT3 (Kim et al. 

2013b). Moreover, EZH2 can also methylate different transcription factors in a PRC2-de-

pendent manner, as exemplified by post-translational methylation of RORα and GATA4 (He 

et al. 2012, Lee et al. 2012). Additionally, our group recently revealed that in PDAC EZH2 

biochemically interacts with NFATc1. This complex formation was suggested to have chro-

matin-independent functions, as both proteins do not regulate joint transcriptional pro-

cesses (Patil et al. 2021). Interestingly, in line with previous findings in castration‐resistant 

prostate cancer (Xu et al. 2012) and glioblastoma (Kim et al. 2013b), phosphorylation of 

EZH2 at serine 21 was required to form the stable EZH2-NFATc1 complex (Patil et al. 

2021). 
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Given these reported non-canonical functions of EZH2 and the ability of EZH2 to physically 

interact with other proteins, we also aimed at examining potential non-canonical functions 

of EZH2 in PDAC and were specifically interested in exploring whether EZH2 and p53 di-

rectly interact with each other. Indeed, our findings demonstrate a biochemical interaction 

of EZH2 and p53 in different PDAC cell lines irrespective of the p53 mutation status. We 

reveal that the other PRC2 complex members, Suz12 and Eed, participate in the EZH2-p53 

interaction and that the complex is methyltransferase-independent (Figure 43). 

 

 

Figure 43: Proposed EZH2-p53 complex and its hypothesized consequences. We identified a 

physical binding of EZH2 and p53. This EZH2-p53 complex also involves the other PRC2 complex 

members (EED, SUZ12) but it is methyltransferase-independent. However, the understanding of the 

functional implications and consequences of this complex remains incomplete. It can be speculated 

that the EZH2-p53 complex influences the target gene regulation of both proteins. Moreover, addi-

tional factors can be involved in the complex and determine its activity. Furthermore, EZH2 might 

methylate p53, thereby altering its activity. 
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Several studies have shown that p53 has numerous binding partners and identified the 

specific domain of p53 binding to the respective interaction partner (Lane and Crawford 

1979, Kussie et al. 1996, Wolf et al. 2018). The N-terminal TAD of p53, for instance, binds 

to many proteins, including its antagonist Mdm2 and the members of the transcriptional 

machinery as exemplified by TATA box binding protein (TBP) and TBP-associated factors 

(TAF) components of transcription factor II D (TFIID) (Thut et al. 1995, Lu and Levine 1995, 

Kussie et al. 1996, Trinidad et al. 2013). The DBD interacts with simian virus 40 (SV40) 

large T antigen (Lane and Crawford 1979, Jenkins et al. 1984) and cellular proteins, such 

as p73, 53BP1, and 53BP2 (Wolf et al. 2018, Ruppert and Stillman 1993, Iwabuchi et al. 

1994, Gorina and Pavletich 1996). The C-terminal domains of p53 are known for their oli-

gomerization and several interactions with cellular and viral proteins, including the DNA 

repair mediating helicase CSB (Ko and Prives 1996, Levine 1997) and hepatitis B virus X 

protein (Wang et al. 1994).  

Although these studies could clearly identify the specific domain of p53 interacting with its 

cooperation partner, further investigation is required to also identify the p53 domain inter-

acting with EZH2. Generally, we could detect the binding of EZH2 with different p53 variants 

lacking different p53 domains, but we could not identify the specific p53 protein domain 

binding to EZH2. Nevertheless, our findings provide first evidence that the DBD of p53 in-

teracts with EZH2. However, it is also possible that EZH2 binds to different domains of p53. 

Hence, if one domain of p53 is lost or replaced artificially, another domain of p53 might 

compensate and can bind to EZH2. 

Besides these precise mechanistic features of the EZH2-p53 complex, the reasons, func-

tional implications, and consequences of the identified EZH2-p53 binding still remain un-

clear. Initially, based on our findings that EZH2 regulates p53 post-translationally and that 

p53 and EZH2 physically interact with each other, we hypothesized that EZH2 increases 

p53wt degradation by participating and stabilizing the Mdm2-p53wt-destruction complex. 

Supportively, previous studies revealed a direct interaction of EZH2 and Mdm2, although it 

was observed in the absence of p53 (Wienken et al. 2016). However, we could not detect 

Mdm2 in the EZH2-p53 complex and could therefore not confirm this hypothesis. 

Moreover, based on the findings in other tumor entities that posttranslational modifications, 

such as phosphorylation of EZH2 at serine 21, are involved in non-canonical EZH2 func-

tions (Xu et al. 2012, Kim et al. 2013b), it can be hypothesized that also in PDAC posttrans-

lational modifications might play a role for the existence of the EZH2-p53 complex or its 

hitherto unknown functional activity. Interestingly, phosphorylated serine 21 of EZH2 was 

generally identified in PDAC (Patil et al. 2021) suggesting that it is eventually also involved 
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in the EZH2-p53 interaction. To examine whether this modification indeed impacts the 

EZH2-p53 complex, IP experiments could be performed with antibodies specifically target-

ing the phosphorylated EZH2. Overexpression of either wildtype EZH2, constitutively serine 

21-phosphorylated EZH2, or a phosphorylation-dead mutant and subsequent IP might un-

ravel the role of this modification for the EZH2-p53 complex. 

For potential functional consequences, it can be speculated that the EZH2-p53 complex 

influences the target gene regulation of both proteins. Hence, p53 might influence EZH2-

dependent target gene regulation by determining EZH2 recruitment to different target genes 

or EZH2 might impact the p53 transcriptional activity through capturing p53, thereby medi-

ating and determining p53 target gene regulation. One method to study potential transcrip-

tional-dependent functions is the investigation of jointly or independently regulated target 

genes of EZH2 and p53 by ChIP-seq analysis.  

Since both EZH2 and p53 are also known to interact with other proteins, the involvement of 

other factors might contribute to the identified EZH2-p53 complex, thereby influencing and 

determining the precise activity. Mass spectrometry-based strategies can be performed to 

analyse further interactions with other proteins. Moreover, it can be hypothesized that the 

EZH2-p53 complex mediates transcription independent functions. EZH2 might modify p53 

by post-translational methylation, thereby altering its activity (Figure 43). Previous studies 

have shown that p53 is highly controlled by several post-translational modifications, includ-

ing lysine methylation (Scoumanne and Chen 2008, Huang et al. 2010, West and Gozani 

2011). One example that methylation of p53 can interfere with its tumor-suppressive func-

tion was shown by the methylation of p53 by G9a and GLP. Normally, G9a and GLP mediate 

mono- and di-methylation of H3K9 leading to transcriptional silencing. However, it was 

shown that G9a and GLP can also methylate p53 at lysine 373 resulting in damping or even 

inactivating p53 which was induced in response to DNA damage (Huang et al. 2010). There-

fore, the existence of this specific methylation site and a potential EZH2-dependency could 

also be investigated in PDAC by using antibodies specifically against this methylated p53 

protein. 

Taken together, although the detailed mechanistic and functional consequences resulting 

from the EZH2-p53 complex need to be elucidated, the existence of the EZH2-p53 complex 

demonstrates the dynamic complexity of the cooperation of regulatory proteins in PDAC. 
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4.4 Concluding Remarks 

Given the reversibility of epigenetic alterations and the availability of epigenetic inhibitors, 

epigenetic treatment strategies moved to the focus of translational medicine in cancer ther-

apy. However, epigenetic alterations are highly context-dependent, and epigenetic pro-

cesses can be both tumor-supportive and tumor-suppressive. Hence, to identify and exam-

ine the specific context-determining conditions of epigenetic processes is extremely crucial 

to predict the consequences of their inhibition through targeted therapy. Consequently, the 

benefit of epigenetic treatment strategies to tackle PDAC highly depends on unraveling 

these context-determining conditions.  

In conclusion, our study demonstrates that specifically the TP53 status determines the on-

cogenic EZH2 activity in PDAC. We reveal that EZH2-dependent target gene regulation is 

determined by the TP53-status and that EZH2 inhibition correlates with a better prognosis 

in TP53wt PDAC. We demonstrate preclinical evidence that the inhibition of EZH2 is only 

beneficial in TP53wt PDAC. Additionally, we identified a mechanism by which EZH2 regu-

lates p53wt post-translationally through repression of CDKN2A leading to p14ARF/p19Arf-de-

pendent de-repression of Mdm2, the antagonist of p53, resulting in the destabilization of 

p53. Moreover, in this work, we examined that PDAC formation was possible despite 

TP53wt-status and low EZH2 expression through EZH2-independent CDKN2A repression, 

demonstrating the importance of an intact CDKN2A-TP53wt axis for a beneficial outcome 

of EZH2 inhibition. Conclusively, stratification for a functional CDKN2A-TP53wt axis is re-

quired for a successful application of EZH2 inhibition in PDAC treatment. Furthermore, we 

identified uncharted non-canonical functions of EZH2 in PDAC and revealed the existence 

of a physical EZH2-p53-complex, thus implying that also non-canonical EZH2 functions ma 

influence PDAC progression. 
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Supplementary Table 1: Genes being significantly upregulated in p53wt but not in p53mut 

cells upon EZH2 KD 

Anxa6 Dtna Igf2bp3 Maged2 Ppbp Slfn2 Tpm2 

Camk2b Efemp2 Igf2r Map1lc3a Rdh10 Spon2 Trp53inp2 

Cdkn2a Fhdc1 Itgb5 Masp1 Rnf130 Sprr1a Tuft1 

Ddah2 Foxg1 Ltbp1 Neat1 Serpinb6b Tbc1d16 Wnt7b 

Dnaaf9 Fzd6 Ltbp3 Palld Slc44a2 Tcf24 Zfpm2 
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