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Zusammenfassung

Die azinar-duktale Metaplasie (ADM) wird als wichtige Voraussetzung fur die Entstehung des
duktalen Adenokarzinoms des Pankreas (PDAC) angesehen. Hierbei unterliegen die
pankreatischen Azinuszellen einer De- oder Transdifferenzierung und nehmen einen
duktalen Charakter ein. Die Eigenschaften der ADM-Zellen sowie die Schllsselfaktoren, die
fur die transkriptionelle Reprogrammierung der Zellen verantwortlich sind, sind jedoch kaum
beschrieben. In dieser Studie zeigen Genexpressionsanalysen, dass ADM-Zellen eine groB3e
Annlichkeit zu embryonalen Azinuszellen aufweisen, da zahlreiche embryonale
Entwicklungssignalwege in den metaplastischen Zellen hochreguliert sind. Dies suggeriert,
dass Azinuszellen bei der ADM eher einer Dedifferenzierung unterliegen, wobei gleichzeitig
ein duktaler, progenitor-dhnlicher Phanotyp erlangt wird. Die reaktivierte Expression von
Progenitorgenen und die Herunterregulierung von azindren Differenzierungsgenen ist fur
ADM- und Tumorzellen des Pankreas charakteristisch. Ebenfalls kann in diesen Zellen eine
erhdhte Expression von epigenetischen Faktoren, wie der katalytischen Untereinheit Ring1b
des Polycomb Repressorkomplexes 1 (PRC1), nachgewiesen werden. Eine signifikante
Anreicherung der Ring1b-vermittelten repressiven Histonmodifikation H2AK119ub befindet
sich in den Promotorbereichen der azindren Differenzierungsgene Rbpjl und Ptfia in
Pankreaskrebszellen. Dies belegt, dass PRC1-katalysierte epigenetische Modifikationen zu
einer Abschaltung von azinédren Differenzierungsgenen im PDAC beitragen (Benitz et al.
2016).

Erhéhte Spiegel der PRC1 Komponenten Bmi1 und Ring1b, als auch von H2AK119ub
kénnen sowohl in Pankreatitis-gesteuerten ADM-Zellen in Wildtyp-Mausen, als auch in
pankreatischen Vorlauferlasionen und Tumorzellen eines PDAC Mausmodells detektiert
werden (Benitz et al. 2016). Interessanterweise entwickeln Ma&ause, welche einen
konditionellen Ring1b-Knockout in Azinuszellen aufweisen, bei induzierter akuter Pankreatitis
kaum ADM-Strukturen. Darlber hinaus ist die Ausbildung von Tumorvorlauferlasionen in
Ring1b-depletierten KrasG‘ZD-Méusen, trotz inflammatorischer  Stimuli, erheblich
eingeschrankt. Hier bestédtigen Genexpressionsanalysen, dass die Etablierung eines
progenitor-ahnlichen Transkriptionsprofils in den Ring1b-Knockout-M&usen reduziert ist. So
werden Differenzierungsgene starker exprimiert und die Aktivierung von Progenitorgenen ist

unterdriickt. Dies legt dar, dass ein Verlust von Ringlb die Kras®'?°

-gesteuerte
Zelltransformation abschwécht.

Eine komplette transkriptionelle Reprogrammierung von etablierten Pankreaskrebszellen
kann Uber einen CRISPR/Cas9-vermittelten Knockout (KO) von Ring1b allerdings nicht
erreicht werden. Jedoch Kkorreliert das veréanderte Transkriptionsprofil mit einer erhéhten

Expression von Genen, die mit einer epithelialen Zellabstammung assoziiert sind, was auf



eine starkere Differenzierung der Tumorzellen nach einem Verlust von Ring1b hindeuten
kann. Auf funktioneller Ebene zeigen die Ring1b-KO-Zellen eine erhohte Sensitivitat
gegeniuber Gemcitabin und ein leicht reduziertes Tumorwachstum in vivo. Die Anwendung
eines PRC1-Inhibitors beeintrachtigt die ADM Bildung in vitro und I6st ebenfalls eine geringe
transkriptionelle Reprogrammierung von Krebszellen des Pankreas aus.

Insgesamt verdeutlicht diese Arbeit, dass eine Reaktivierung des epigenetischen Regulators
Ring1b entscheidend fur die ADM und die Pankreaskarzinogenese ist. So tragen Ring1b-
vermittelte epigenetische Verdnderungen zu der Etablierung eines progenitor-ahnlichen
Expressionsprofils bei, welches als wichtige Grundvoraussetzung fur die Initiation und

Progression des PDACs angesehen wird.
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1 Introduction

1.1 Insights into the anatomy, histology and physiology of the

pancreas

The pancreas is an accessory gland of the digestive system and is located in the
retroperitoneal space. It extends from the C-shaped loop of the duodenum to the hilum of the
spleen. The common bile duct traverses the pancreatic head and, together with the main
duct of the pancreas converges into the duodenum (Figure 1.1 A) (Pandol 2010).
Functionally, the pancreas exhibits both an exocrine and endocrine glandular compartment.
The exocrine tissue accounts for 80 % of the organ mass and is responsible for the secretion
of an enzyme-rich digestive juice (Hezel et al. 2006). Acinar cells are morphologically
clustered into a so-called acinus (Figure 1.1 B) and are the main producers of digestive
enzymes, such as amylase (Geron, Schejter, and Shilo 2014). Neurotransmitters and
hormones, like the cholecystokinin (CCK), stimulate acinar cells to release the enzyme
granula (Jensen et al. 1989). Enzymes are secreted into the lumen of the acinus, which is
connected to the ductal system. Through the secretion of water and bicarbonate (HCO;-)
ions, ductal structures ensure transportation of the enzyme-rich digestive juice into the
duodenum. The ductal tree involves the terminal intercalated ductal structures as well as
intralobular, interlobular ducts and the pancreatic main duct. Ductal cells, which protrude into
an acinus are designated as centroacinar cells (Figure 1.1 B) (Reichert and Rustgi 2011).

Besides acinar and ductal cells, a small proportion of pancreatic stellate cells (PSCs) resides
in the periacinar, periductal and perivascular space of the exocrine compartment. In
physiological conditions PSCs are kept in a quiescent state, but in response to acute
pancreatic damage, cells are activated and produce extracellular matrix (ECM) proteins and

growth factors to support tissue repair (Omary et al. 2007).

The endocrine compartment is organized in so-called islets of Langerhans (Figure 1.1 C).
One islet consists of different types of epithelial cells, producing amongst others the
hormones insulin and glucagon, which control blood glucose levels (Bardeesy and DePinho
2002).
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Figure 1.1: Anatomy and histology of the pancreas. (A) Gross anatomy of the
pancreas. The head of the pancreas is embedded in the duodenal C loop. The common
bile duct and the pancreatic main duct cross the pancreas and enter the duodenum
(Pandol 2010). Graphic was adapted and modified from (Bardeesy and DePinho 2002).
(B) Schematic representation of a pancreatic acinus. Apical membranes of clustered
acinar cells are orientated towards the acinus lumen, into which digestive enzymes are
secreted. Each acinus is connected to an intercalated duct. Cells located at the junction
between ductal cells and acinar cells are centroacinar cells (Reichert and Rustgi 2011).
Graphic was adapted and modified from (Bardeesy and DePinho 2002). (C) Histology of
the pancreas. Haematoxylin and eosin (H&E) staining of a human pancreas, illustrating
that pancreatic tissue mostly consists of acinar cells. Scale bar, 100 ym.

1.2 Pancreatic development

The first pancreatic progenitor cells derive from the foregut endoderm, forming a ventral and
dorsal bud in mice at around E9.5 to E10 (primary transition) (Stanger and Hebrok 2013).
Next, the proto-differentiated epithelium establishes micro-lumina, which subsequently merge
into a single lumen lined by ductal cells (Villasenor et al. 2010) and macroscopically establish
a branching network (Gittes 2009). The so-called 'secondary transition' is initiated around
E12 to E14 (Figure 1.2 A), which is accompanied by cell differentiation processes (Benitez,
Goodyer, and Kim 2012). At this developmental stage, multipotent cells located at the tips of



the primitive ducts can give rise to nearly all pancreatic cell types, including acinar cells and
cells from ductal and endocrine lineages. In contrast, trunk cells are dedicated to serve as
progenitors for ductal and endocrine lineages, only. Before birth, residing tip cells mature into
acinar cells, trunk cells form ductal branches and endocrine cells escape from the trunks
fusing to the islets of Langerhans (Stanger and Hebrok 2013).

Cell fate determination and differentiation is orchestrated by the activity of various signaling
pathways and by the interaction of different transcription factors. One master regulator is the
transcription factor Pdx1 (pancreatic and duodenal homeobox 1), which is already expressed
in the first arising pancreatic precursors (Figure 1.2 B) (Stanger and Hebrok 2013, Hale et al.
2005). Expression is maintained during the maturation of acinar and islet cells (E14.5),
whereas at birth, Pdx1 is exclusively found in islet B-cells (Hale et al. 2005). Pancreatic
development is blocked in mice lacking Pdx1 (Jonsson et al. 1994). Pdx1 depletion at E12.5
greatly impairs acinar differentiation (Hale et al. 2005), indicating that the transcription factor
is absolutely crucial for pancreatic development and cell fate decisions.

In addition, expression of Sox9 (sry sex determining region y-box 9) is regarded as a key
regulator governing pancreatic development. It was detected in early Pdx1-positive cells
(Seymour et al. 2007) as well as in multipotent progenitors until E18.5 (Kopp et al. 2011).
When Sox9 is depleted around E10, pups die shortly after birth suffering from exocrine and
endocrine insufficiency (Seymour et al. 2007). In an adult stage, Sox9 expression is
restricted to a subset of ductal and centroacinar cells (Seymour et al. 2007).

Establishment and differentiation of acinar cells is greatly regulated by the pancreas-specific
transcription factor-1a (Ptfla, also known as p48). Although expression already occurs in
early progenitors at E10 (Krapp et al. 1998), it is exclusively maintained in nascent and
mature acinar cells (Masui et al. 2007, Krah et al. 2015). At E12.5, Ptf1a interacts with Rbpj
(recombination signal binding protein for immunoglobulin kappa J region), forming the PTF1-
J complex. Subsequently, PTF1-d binds to the promoter of Rbpjl (recombination signal
binding protein for immunoglobulin kappa J region-like) and activates its expression (Masui
et al. 2007). Then, Rbpjl replaces Rbpj in the PTF1-J complex and the so-called PTF1-L
complex is formed (Figure 1.2 B) (Beres et al. 2006, Masui et al. 2010, Masui et al. 2007).
PTF1-L activates transcription of acinar-specific digestive enzymes such as of elastase 1
(Ela1) (Beres et al. 2006), thus, promoting acinar cell differentiation. Rbpjl knockout mice
display less pancreatic weight and expression of digestive enzymes is reduced up to 98 %
(Masui et al. 2010).

Acinar cell maturation is further supported by the transcription factor Mist1 (basic helix-loop-
helix family, member A15), which is crucial for acinar cell organization and exocytosis of
enzyme granula (Pin et al. 2001).



However, a key marker for early ductal progenitor cells remains elusive. Pierreux et al.
revealed that in mice lacking the transcription factor Hnfé (one cut homeobox 1), normal duct
morphogenesis is defective and mice develop cysts (Pierreux et al. 2006). This indicates that

Hnf6 seems to be indispensable for the regulation of duct cell lineages (Figure 1.2 C).
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Figure 1.2: Events of pancreatic morphogenesis and cell differentiation.

(A) Pancreatic progenitor cells (Pdx1+) arise from the endoderm. During secondary
transition, primitive ducts are formed, harboring distinct progenitor populations, which give
rise to acinar, ductal and endocrine cells (Stanger and Hebrok 2013). Graphic was
adapted and modified from (Stanger and Hebrok 2013). (B) Key pancreatic transcription
factors, such as Ptfia, Rbpjl and Mist1 orchestrate acinar cell differentiation and
maturation (Benitez, Goodyer, and Kim 2012). Graphic was adapted and modified from
(Benitez, Goodyer, and Kim 2012) (C) Factors, mediating duct cell determination remain
largely unknown. However, Hnf6 was identified to induce differentiation of immature duct
cells (Benitez, Goodyer, and Kim 2012). Graphic was adapted and modified from
(Benitez, Goodyer, and Kim 2012)).



Besides the influence of transcription factors, Hedgehog and Notch signaling contribute to
the tight regulation of pancreatic development. Thus, Notch signaling is important for
maintaining pancreatic progenitor cells prior to secondary transition. If an active form of
Notch1 is expressed after this stage, exocrine and endocrine cell lineages do not differentiate
(Hald et al. 2003). Pancreatic organogenesis is greatly controlled by Hedgehog signaling.
Depletion of its ligands sonic hedgehog (Shh) and indian hedgehog (lhh) causes pancreatic
malformation, such as the development of an annular pancreas, increases pancreas size and
elevates the proportion of the endocrine cell compartment. Moreover, mice lacking both

molecules die early during embryonic development (Hebrok et al. 2000).
1.3 The pancreatic ductal adenocarcinoma (PDAC)

The pancreatic ductal adenocarcinoma (PDAC) is the most common tumor type of the
exocrine pancreas, accounting for 95 % of pancreatic cancer cases (Becker et al. 2014).
With a five-year survival rate of seven percent (Siegel, Miller, and Jemal 2015), PDAC is
graded as a very devastating disease. Latest incidence rates of pancreatic cancer averages
8.6 ASR (age-standardized rate per 100,000), which is almost equal to the described
mortality rate of 8.3 ASR (Torre et al. 2015). Most symptoms, such as jaundice and
abdominal pain, occur at late stages of the disease, at which curative resection cannot be
performed anymore. Thus, more than 80 % of patients, who become clinically apparent, have
already developed an advanced metastatic disease (Lowy, Leach, and Philip 2008) and are
subjected to palliative chemotherapeutic treatment. However, the five-year survival rate for
patients, who underwent surgical resection and received adjuvant chemotherapy, also only
represents 21 % due to local recurrence or metastatic disease (Neoptolemos et al. 2004).

Consequently, the identification of early diagnostic tools is of major importance. Current
biomarkers, like the cancer antigen 19-9 (CA 19-9) are not sensitive and specific enough to
be applied to preventive population screenings (Ballehaninna and Chamberlain 2011). The
small size of precursor lesions in early disease stages further complicates early diagnosis.

1.3.1 Risk factors

Due to poor survival rates and limited therapeutic and diagnostic approaches, the

identification of risk factors for the development of PDAC is of great importance.
1.3.1.1 Genetic disorders

Genetic abnormalities, such as the Peutz-Jeghers syndrome (PJS), can dramatically
increase the risk of developing PDAC (Giardiello et al. 2000). The autosomal dominant



disorder is characterized through mutations in the tumor suppressor gene STK11
(serine/threonine kinase 11) (Jenne et al. 1998).

Genetic mutations affecting the PRSST (protease, serine 1) gene were found to be present in
patients suffering from hereditary pancreatitis (HP) (Whitcomb et al. 1996). The PRSS1
gene encodes a trypsinogen, constituting the precursor of trypsin, which is normally activated
in the duodenum. The most frequent point mutation comes along with the substitution of
arginine to histidine (R122H), which accelerates the auto-activation of the trypsinogen and
favors its intrapancreatic activation (Szabo and Sahin-Toth 2012). This can cause early
chronic pancreatitis (CP) (Reznik, Hendifar, and Tuli 2014). Moreover, the cumulative risk for
developing pancreatic cancer to an age of 70 years was estimated to represent 40% for
patients with HP (Lowenfels et al. 1997).

1.3.1.2 Pancreatitis

Chronic pancreatitis, a persistent inflammatory disease of the pancreas associated with a
permanent impairment or even loss of its function (Etemad and Whitcomb 2001), has been
described as an independent risk factor for pancreatic cancer (Morris, Wang, and Hebrok
2010). A cohort study revealed that the cumulative risk for patients with CP constitutes four
percent for developing PDAC within 20 years (Lowenfels et al. 1993). CP is thought to
originate from recurrent episodes of acute pancreatitis (AP) (Uomo and Rabitti 2000).
Acute pancreatitis is designated as a short-term acute inflammation of the pancreas. Main
risk factors comprise gallstones and alcohol. For instance, gallstones cause bile/pancreatic
duct obstruction, leading to bile reflux, intra-pancreatic activation of the digestive enzyme
trypsin and pancreatic autodigestion (Wang et al. 2009). Halangk et al. found that co-
localization of the lysosomal cysteine protease cathepsin B and trypsin is responsible for its
premature activation (Halangk et al. 2000). Consequently, injured acinar cells release pro-
inflammatory cytokines, such as TNF-a (tumor necrosis factor-alpha) (Gukovskaya et al.
1997) or chemokines, like the monocyte chemoattractant protein-1 (MCP-1), provoking the
recruitment and activation of monocytes (Brady et al. 2002). The acute inflammatory phase is
associated with a hyper-stimulation of inflammatory cells, edema due to endothelial barrier
damage and acinar cell metaplasia (Al Mofleh 2008). Generally, acute pancreatitis can
clinically progress in a mild or severe form. In 80 % of patients, the disease is self-limiting
(Frossard, Steer, and Pastor 2008). The severe form is characterized by pancreatic necrosis
and a mortality rate of 16 % caused by multiple organ failure or secondary infections (Fu et
al. 2007). Early diagnosis of acute pancreatitis is supported by the detection of elevated
levels of serum amylase and lipase as well as of lactate dehydrogenase (LDH), a widely
established marker for tissue damage (Matull, Pereira, and O'Donohue 2006, Al Mofleh
2008).



Depending on the incidence and severity of the alcoholic-related acute pancreatitis events,
the disease can progress to CP (Ammann and Muellhaupt 1994). For instance, intake of
more than five alcoholic drinks a day, increases the risk of developing CP (Yadav et al.
2009). Since CP itself is considered as a significant risk factor for PDAC, this is one
explanation as to how alcohol abuse contributes to pancreatic cancer. CP patients exhibit
irreversibly damaged exocrine and endocrine parenchyma, accompanied by strong tissue
fibrosis (Brock et al. 2013). Since PDAC tissue is characterized by the occurrence of large
fibrotic areas and desmoplastic tissue reactions (Pandol et al. 2009), chronic inflammation is
assumed to significantly link CP and PDAC (Helm et al. 2014). Thus, aspects of pancreatitis
are extensively studied in animal models. Common methods that cause pancreatitis involve
bile duct ligation or the administration of supra-physiological doses of the CCK analogue
caerulein. Caerulein binds to the CCK receptor and stimulates aberrant secretion of digestive
enzyme and bicarbonate fluid (Dockray 1972, Niederau, Ferrell, and Grendell 1985).
Consequently, enzymes accumulate in the pancreas, leading to a systemic inflammatory

response, reflecting the human situation.
1.3.1.3 Smoking

Smoking is regarded as a further major risk factor for PDAC. Approximately a quarter of all
pancreatic cancer cases is related to tobacco smoking (Maisonneuve and Lowenfels 2010).
Nicotine can mediate premature intra-pancreatic activation of digestive enzymes (Lau et al.
1990) leading to broad pancreatic tissue damage and inflammation. Namely, when rats were
exposed to tobacco smoke for twelve weeks, the animals have developed chronically
inflamed and fibrotic pancreatic tissue areas (Wittel et al. 2006), suggesting that smoking

could reprogram the pancreatic microenvironment towards a tumor promoting setting.

1.3.2 PDAC precursor lesions

Early detection of PDAC allows surgical resection and dramatically increases five-year
survival up to 60 % (Shimizu et al. 2005). Thus, improving the identification and
characterization of PDAC precursor lesions is of major importance. Carcinogenesis of PDAC
is described as a stepwise process from intraepithelial neoplasia to invasive cancer (Brat et
al. 1998, Andea, Sarkar, and Adsay 2003). So-called pancreatic intraepithelial neoplasias
(PanINs), intraductal papillary mucinous neoplasms (IPMNs), mucinous cystic neoplasms
(MCNs) and atypical flat lesions (AFLs) are manifested as morphologically well-defined
PDAC precursor lesions (Figure 1.3) (Maitra et al. 2005, Aichler et al. 2012).



1.3.2.1 PaniINs

PanlIN lesions are very common PDAC precursors and it is assumed that pancreatic cancer
progression occurs from low- to high-grade PanINs to PDAC. PanINs appear as ductal
structures with a size of less than 0.5 cm and are subdivided into three morphologically
distinct groups. PanIN-1 lesions are characterized by the presence of columnar epithelial
cells with basal nuclei (Hruban, Maitra, and Goggins 2008). Precisely, flat lesions are
considered to be PanIN-1A lesions, whereas PanIN-1B lesions are recognized by their
papillary appearance (Distler et al. 2014). Criteria for the classification into PanIN-2 lesions
are nuclear changes, such as nuclear crowding, nuclear pleomorphism or nuclear
hyperchromasia (Hruban et al. 2001, Hruban, Maitra, and Goggins 2008). High-grade PanIN-
3 lesions are greatly dysplastic. They exhibit severe architectural atypia, such as the
occurrence of papillary or cribriform patterns as well as great cytological changes,
concerning a loss of the nucleic polarity or the presence of oversized nuclei and abnormal
mitoses (Figure 1.3) (Hruban, Maitra, and Goggins 2008). The PanIN-based cancer
progression model is accompanied by the occurrence of defined genetic mutations. Laser-
capture based micro-dissection of PanIN-1 lesions and subsequent pyrosequencing
prevalently identified genetic alterations in the oncogene KRAS (kirsten rat sarcoma viral
oncogene homolog) as well as in the tumor-suppressor gene CDKNZ2A (cyclin-pependent
kinase inhibitor 2A) (Kanda et al. 2012). Mutations in the tumor-suppressor genes P53
(tumor protein P53) and SMAD4 (sma- and mad-related protein 4) occur at later stages of

tumor development (Figure 1.3) (Hezel et al. 2006).
1.3.2.2 IPMNs

IPMNs are considered as cystic lesions, exhibiting a pronounced papillary structure and
producing mucins (Figure 1.3). Since IPMNs arise from pancreatic ducts, they can be
classified into main and branch duct types (Castellano-Megias et al. 2014). Main duct IPMNs
frequently are associated with poor prognosis (Tanaka et al. 2006). Early mutations also
occur in the KRAS gene locus (Distler et al. 2014).

1.3.2.3 MCNs

Like IPMNs, MCNSs are cystic mucin-producing epithelial neoplasias but uniquely display an
ovarian-like stroma (Figure 1.3) (Hezel et al. 2006, Castellano-Megias et al. 2014). These
lesions predominantly affect women and can be found in the pancreatic tail and body (Testini
et al. 2010). Oncogenic KRAS and P53 mutations were detected in the majority of malignant
MCNs (Jimenez et al. 1999).



1.3.2.4 AFLs

The recently described AFLs are ductal structures with a flat or cuboidal epithelium, enlarged
nuclei and aberrant mitoses. Typically, these tubular structures are surrounded by an a-SMA-
expressing (alpha-smooth muscle actin) cellular stroma (Figure 1.3). Particularly, Aichler et
al. described murine AFLs as lesions with a high proliferative capacity, loss of Pdx1 and with

activated stroma features (Aichler et al. 2012).

Later Events

P53 loss
SMAD4 / DPC loss

Pancreatic Ductal
Adenocarcinoma

Figure 1.3: PDAC precursor lesions. Histology of PanIN, IPMN, MCN and AFL lesions
as well as of PDAC tissue is depicted. PanlIN lesions are very common PDAC precursors,
progressing from a low-grade to a highly dysplastic form (Hruban, Maitra, and Goggins
2008). Graphic was adapted and modified from (Hezel et al. 2006). H&E staining
depicting AFL lesions was adapted from (Esposito et al. 2014).

1.3.3 Morphological appearance of PDAC

In most cases PDAC develops in the head of the pancreas and tumor tissue exhibits cancer
cell glands with duct-like structures (Figure 1.3) (Hezel et al. 2006). Benign pancreatic tissue

can be distinguished from PDAC by the presence of both ductal and acinar cells, whereas
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the PDAC is mainly hallmarked by the existence of a pure population of duct-like cells.
Cytological features of carcinoma cells involve nuclear enlargement, abnormal chromatin
distribution and numerous mitoses (Field and Zarka 2016). One characteristic hallmark of
PDAC is the strong desmoplastic reaction, encapsulating cancer cells and shielding them
from the immune system or from therapeutic agents. Desmoplasia is composed of immune
cells, activated pancreatic stellate cells and ECM components (Pandol et al. 2009), and can
account for up to 80 % of the tumor mass (Erkan et al. 2010). Moreover, the vast majority of
PDAC is associated with perineural invasion, mediating tumor dissemination and pain in

cancer patients (Marchesi et al. 2010).

1.3.4 Common genetic mutations in PDAC

PDAC development is hallmarked by the occurrence of key genetic alterations within
oncogenes and tumor-suppressor genes. Oncogenes are characterized by a "gain of
function" mainly mediated by activating structural changes (Croce 2008). Consequences are
aberrant cell proliferation, cell growth and cell division. In contrast, tumor-suppressor genes
go along with a "loss of function" due to their power in controlling cell cycle transitions,
induction of apoptosis and DNA repair (Abreu Velez and Howard 2015). Since the vast
majority of tumor-suppressor genes is inherited recessively, both alleles have to be
inactivated to completely abolish protein function. According to this 'two-hit-hypothesis',
inactivation of the first allele can be accomplished through a sporadic or inherited mutation,
whereas the second hit is often due to mitotic recombination (Knudson 1971).

Regarding PDAC development, key driver mutations, occurring in oncogenes and tumor-
suppressor genes, have already been identified and linked to histopathological precursor
lesions and PDAC.

1.3.4.1 The oncogene KRAS

Strikingly, KRAS mutations can be detected in more than 90 % of human PDAC cases
(Morris, Wang, and Hebrok 2010). Since KRAS mutations are already found in the vast
majority of the low grade precursor lesions PanIN-1A (Kanda et al. 2012), they are regarded
as one of the key genetic drivers for PDAC. Indeed, expression of oncogenic Kras®'? in
early progenitor cells of mice leads to the formation of PDAC precursor lesions and PDAC
(Hingorani et al. 2003). The question is how a single mutation can have such a great impact
on cell homeostasis?

As a monomeric, membrane-coupled G protein, RAS transmits signals from growth factor
receptors, like the EGF receptor family, to downstream signaling cascades. Once activated,

RAS binds GTP and interacts with its downstream effectors. Subsequently, intrinsic GTPase
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activity is induced by GTPase-activating proteins (GAPS), GTP is hydrolyzed to GDP and the
G protein converts into an inactive state (Wennerberg, Rossman, and Der 2005). Single point
mutations in codon 12 of the KRAS gene (98 % of KRAS mutations in PDAC) favor amino
acid substitutions, such as glycine to aspartate (G12D) or glycine to valine (G12V) (Smit et
al. 1988, Eser et al. 2014). These alterations attenuate GAP-mediated GTP hydrolysis and
render KRAS in an active state (Scheffzek et al. 1997). Consequently, its downstream
effector pathways, such as RAF/MEK/ERK and PIBK/PDK1/AKT are aberrantly stimulated,

favoring cell proliferation and malignant transformation (Eser et al. 2014).

1.3.4.2 Tumor suppressor genes

1.3.4.2.1 P53

The tumor suppressor gene P53 is widely recognized as the "the cellular gatekeeper for
growth and division" (Levine 1997). Inactivation of the tetrameric transcription factor can
accelerate oncogenic transformation. Under physiological circumstances, p53 protein levels
are kept low due to the persistent ubiquitination through mdm2 (mouse double minute 2
homolog) and its subsequent degradation. DNA damage, hypoxia or imbalances in signaling
pathways induce phosphorylation of P53, causing its stabilization and binding to promoters of
downstream targets, like DNA repair and cell cycle arrest genes or regulators of apoptosis
(Weinberg 2007). Since P53-activating signals are aberrantly present in tumor cells, P53
function must be eliminated to ensure cancer cell survival. Thus, mutations in the P53 gene
locus appear in the majority (> 70 %) of PDAC patients (Scarpa et al. 1993). In most cases,
P53 inactivation is due to miss-sense mutations (Morton et al. 2010). Endogenous

expression of Trp537"7?" and Kras®'??

in Pdx1-positive pancreatic progenitor cells fully
recapitulates human PDAC carcinogenesis. Thus, Pdx1°;Kras®'??; Trp537'"?" mice develop
PanIN lesions, invasive and metastatic PDAC and it was reported that they exhibit an overall
survival of five months (PDAC mouse models are described in section 1.4.4) (Hingorani et al.
2005). Interestingly, a recent study revealed that p53 mutation rather than p53 deletion in

G12D

mice overcomes Kras™ ““-mediated growth arrest/senescence and promotes metastatic

processes (Morton et al. 2010).

1.3.4.2.2 SMAD4/DPC4

Inactivation of the tumor suppressor SMAD4 usually occurs at late stages of PDAC tumor
progression (Wilentz et al. 2000) and is associated with a worse prognosis (Singh,
Srinivasan, and Wig 2012). As a transcription factor, SMAD4 is an integral component of the
TGF-B (transforming growth factor-beta) signaling pathway, which favors cellular growth

inhibition and impairs cell cycle progression. Thereby, TGF-B binds to the TGF-B receptor
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and its internal serine/threonine kinases subsequently phosphorylate Smad proteins, such as
Smad2 and Smad3. Consequently, activated Smad proteins complex with Smad4 and

migrate into the nucleus and activate amongst others, the expression of the cell cycle

5INK4A ( 1CIP1 (

inhibitors p1
inhibitor 1A) (Weinberg 2007).

Establishment of a Pdx1°:Kras®'??:Smad4'>'™ mouse model indicated, that a loss of Smad4

cyclin-dependent kinase inhibitor 2B) and p2 cyclin-dependent kinase

increases the formation of precursor lesions, especially of IPMNs, and shortenes overall
survival (Bardeesy, Cheng, et al. 2006). These data suggest that a Smad4 deficiency

G12D

enhances tumor cell malignancy and accelerates Kras™ “"-initiated tumor formation.

1.3.4.2.3 P16'NK%A

Loss of CDKN2A, also known as P16™ ** can be regarded as one further major hallmark of
PDAC. The cell cycle inhibitor was found to be lost in 67 % of PDAC patients (Oshima et al.
2013) and Pdx1°®;Kras®'?®;p16™“A" mice develop PDAC with a shortened latency
(Bardeesy, Aguirre, et al. 2006).

P16™"** exerts its function through inhibiting the kinase activity of the CDK4-CDK6 complex,
which mediates cell cycle progression. Consequently, phosphorylation of the retinoblastoma
protein (RB) is imapired and cell cycle transition from the S (synthesis) into the G; (Gap 1)
phase is interrupted (Serrano, Hannon, and Beach 1993, Rayess, Wang, and Srivatsan
2012). In response to severe cell stress or oncogenic signaling, cells are kept in a P16™<*-
mediated cell cycle arrest, a condition called cellular senescence (Collado, Blasco, and
Serrano 2007). Senescent cells stay metabolically active but lose their capability to divide
(Weinberg 2007, Rodier and Campisi 2011). Obviously, loss of P16 can help to prevent
induction of cellular senescence and maintain tumor cells in a highly proliferative state.

In PDAC, inactivation of P16™** is achieved through intragenic mutations and homozygous
deletions (Schutte et al. 1997). Additionally, Schutte et al. demonstrated that a subset of
patients harbor a wild-type P16™%** locus, but had lost P16™*** expression. In these patients,

epigenetic silencing of the P716™*A

promoter through DNA methylation was identified
(Schutte et al. 1997). These results indicate that apart from genetic mutations, also

epigenetic modifications can contribute to PDAC tumorigenesis.

1.3.5 Therapeutic approaches for the management of PDAC

Since pancreatic cancer is estimated to represent the second leading cause for cancer-
related deaths in the US by 2030 (Rahib et al. 2014), many efforts have to be taken to
improve therapeutic options, such as surgical procedures, neo-adjuvant and adjuvant
treatment courses. To date, the only curative approach is provided by surgical resection.
Regarding adjuvant options, treatment with the nucleoside analog gemcitabine has been
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proven to be the beneficial (Oettle et al. 2007). Patients with advanced cancer, who were
treated with the combination therapy FOLFIRINOX (folinic acid, 5-fluorouracil, irinotecan and
oxaliplatin) showed a medium overall survival of 11 months in comparison to 6.8 months for
those who received gemcitabine alone (Conroy et al. 2011). In addition to chemotherapeutic
agents, small molecule inhibitors are increasingly integrated into therapeutic concepts. Since
oncogenic Kras has not been successfully druggable so far, other targets had to be
identified. It was found that targeting the epidermal growth factor receptor (EGFR) with the
small molecule inhibitor erlotinib in combination with gemcitabine treatment, can provide a
significant survival benefit for patients with advanced tumors (Moore et al. 2007).

Moreover, future directions will integrate epigenetic drugs. First trials in combining the HDAC
(histone deacetylase) inhibitor vorinostat with chemoradiation show promising results (Chan
et al. 2016).

Very recently, a study came up with the use of superparamagnetic iron oxide nanopatrticles
(SPIONS) to specifically deliver anti-tumor agents into cancer cells (Mahajan et al. 2016). In
this study, SPIONs were coupled with a siRNA against an important mediator of cell cycle
progression, polo-like kinase-1 (PLK1). After introduction into Pdx1°;Kras®'??;Trp537'"2"
mice, tumor growth was significantly reduced (Mahajan et al. 2016). In principle, the
involvement of SPIONs offers the great therapeutic option to selectively target tumor cells

and to initiate the gene silencing of specific oncogenes.
1.4 Models reflecting pancreatic carcinogenesis

To comprehend the biological nature of PDAC and to develop new diagnostic and
therapeutic approaches, various PDAC models have been extensively studied. To date,
studies typically rely on the analysis of primary tumors, cancer cell lines, three-dimensional
culture systems, xenografts and genetically engineered mouse models (GEMMs).

1.4.1 Pancreatic cancer cell lines

Of great importance is the study of established cancer cell lines, originally isolated from
primary tumor tissues. Generally, cancer cell lines are handled easily, thus, deregulation of
genetic, epigenetic and cellular pathways, proliferation, migration and invasion capacities as
well as the response to cancer therapeutics can be quickly evaluated. Moreover, cancer cell
lines can be genetically manipulated through transfection of expression plamids or
application of siRNA (small interfering RNA), shRNA (short hairpin RNA) and the recently
described CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR
associated protein 9) system to specifically knock down or knock out the gene of interest,
respectively. However in general, it has to be taken into account that cell culture conditions
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can change the tumor cell behavior. After several passaging rounds, genomic instability and
changes in gene expression changes could occur (Muff et al. 2015). Since isolated cancer
cell lines represent a highly homogenetic population, the natural heterogeneity of tumors is
not considered. Moreover, interactions between various cell types and the tumor

microenvironment can barely be studied.

1.4.2 Three-dimensional (3D) culture systems

By embedding cells into extracellular matrix components, such as collagen or matrigel, the
cellular microenvironment can be more accurately reflected. In comparison to two-
dimensional (2D) cell cultures, 3D culture systems allow the proper analysis of physiological
cell-cell and cell-matrix interactions, cell migration and differentiation. Importantly, the
process of acinar-to-ductal metaplasia can be mimicked with the aid of the 3D in vitro culture
system. After embedding acinar epithelial explants into collagen and stimulation with TGF-a
(transforming growth factor alpha), acinar cells convert into metaplastic cells, which exhibit a

ductal phenotype (Means et al. 2005).

1.4.3 Xenograft models

To predict how a human tumor will respond to a specific therapeutic strategy, the
establishment of a human tumor xenograft model on mice is advisable. In principle, human
tumor cells or pieces of human primary/metastatic tumors can be implanted subcutaneously
or orthotopically into the pancreas. To ensure engraftment, immuno-compromised mouse
models, such as the non-obese diabetic/severe combined immunodeficiency disorder
(NOD/SCID), can serve as hosts (Hidalgo et al. 2014). Importantly, the experimental setup
can be exploited to establish personalized tumorgrafts and used to identify individual
treatment courses. Within a pilot study, Hidalgo et al. treated patients corresponding to the
data of their personalized avatar mouse models and the great majority of patients achieved
partial responses (Hidalgo et al. 2011). However, one must be aware that the generation of
avatar mice is time- and cost-consuming and that interactions with the inflammatory tumor

microenvironment are not considered.

1.4.4 Genetically engineered mouse models (GEMMs)

With the aid of GEMMs, tumor carcinogenesis, cancer cell - microenvironment interactions or
the application of new therapeutic approaches can be extensively analyzed and monitored.
Nowadays, a number of powerful tools exist to manipulate gene expression and protein
function, allowing a functional characterization of specific target genes. For instance, gene
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expression changes can be induced by the site-specific Cre-Lox recombinase system. Here,
the Cre (causes recombination) recombinase recognizes a 34 bp long sequence called a
Lox P site, DNA is cut between two Lox P sites and recombination occurs (Abremski et al.
1986). GEMMs reflecting PDAC often harbor a Lox-STOP-Lox (LSL) cassette in front of a
mutant Kras allele bearing a G12D or G12V transition. When the Cre recombinase is
expressed under the control of a tissue-specific promoter, the STOP cassette is excised and
oncogenic Kras is specifically expressed in target cells (Figure 1.4 A) (Guerra and Barbacid
2013). The first conditional Kras®?° mice were introduced by Hingorani et al. in 2003. Here,
constitutive Cre expression was driven by the Pdx1 or Ptfia promoter, both targeting early
pancreatic progenitor cells (Figure 1.4 A left). Mice developed PanIN lesions and
spontaneously PDAC (Hingorani et al. 2003). Additional endogenous expression of mutant
p53, greatly accelerates pancreatic carcinogenesis and causes metastatic and invasive
PDAC, thus, reflecting human disease (Hingorani et al. 2005). However, in these mouse
models, oncogenic Kras expression was already activated during embryonic development.
Now, newly designed inducible GEMMs allow activation of Cre-mediated recombination at
distinct developmental stages, also in adulthood. For instance, use of an inducible Tet-Off

system, in which resident Kras®'?Y

expression is induced following doxycycline (Dox) removal
from the drinking water (Figure 1.4 A right), revealed, that adult acinar cells are resistant
towards oncogenic Kras-driven cell transformation. However, in combination with
pancreatitis, pancreatic carcinogenesis can be initiated (Guerra et al. 2007). Since it is
assumed that human PDAC arises through sporadic mutations in adulthood, the use of
temporally controllable Cre lines allows a more realistic recapitulation of the human situation.
Thus, further in vivo inducible recombination models were designed, such as the tamoxifen-
dependent Cre recombinase (Cre"") (Figure 1.4 A right, Figure 1.4 B). Cret"" is a fusion
protein, consisting of the Cre recombinase and a modified ligand binding domain of the
human estrogen receptor. Upon tamoxifen (T) administration, the hormone binds to the
CreF"T construct and allows the translocation of the Cre-recombinase from the cytosol into
the nucleus (Feil et al. 1996). Recombination efficiency can be determined through activation
of a fluorescent reporter, such as tdTomato, whose expression is controlled by a LSL
cassette (Figure 1.4 B).

Now, next-generation mouse models with an inducible dual recombinase system (DRS)
combining the use of the Cre-LoxP and the Flippase-FRT mediated recombination, have
been developed (Schonhuber et al. 2014). Thus, DRS allows sequential introduction of gene
mutations into a defined subset of cells, mimicking multi-step carcinogenesis. However, the
recombination-based generation and breeding of mice with multiple gene mutations is very
time- and cost-consuming. The latest innovation in the creation of GEMMs is not dependent
on recombination systems, but uses CRISPR/Cas9-mediated genome editing. Wang et al.
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impressively demonstrated that with the CRISPR/Cas9 system they were able to
simultaneously delete five genes in mouse embryonic stem cells, enabling a one-step
generation of mice (Wang et al. 2013). Moreover, in combination with an inducible Cas9
(Dow et al. 2015), CRISPR/Cas9 represents a flexible, efficient and fast tool to create the
next generation of GEMMs to study PDAC.

A Kras oncogene-driven prenatal models versus Kras oncogene-driven postnatal models
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Figure 1.4: Common GEMMs mimicking PDAC carcinogenesis. (A) The broad
majority of GEMMs of PDAC relies on pancreatic expression of oncogenic Kras®'" or
Kras®"?Y, which is induced upon Cre-mediated deletion of a Lox-STOP-Lox cassette. For
this, constitutive (left) or inducible Cre lines, allowing a time-specific recombination (right),
can be used (Guerra and Barbacid 2013). Graphic was adapted and modified from
(Guerra and Barbacid 2013) (B) Upon tamoxifen binding, Cre™ " translocates into the
nucleus and recombines floxed DNA sequences (Feil et al. 1996). Recombination

efficiency can be validated by the expression of a fluorescent reporter, such as tdTomato.

1.5 Acinar-to-ductal metaplasia is an important prerequisite for the
initiation of PDAC

For the identification of the cell of origin for PDAC, various GEMMs have been developed
and analyzed. Since pancreatic precursor lesions, such as PanINs, harbor a ductal
phenotype, it was initially claimed that ductal cells could be the origin for PDAC. Thus,

Brembeck et al. expressed oncogenic Kras under the control of the ductal-specific Ck19
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(cytokeratin 19) promoter. Mice developed periductal lymphocytic infiltrations and occasional
hyperplastic ductal cells were detected, but the model failed to recapitulate the formation of
PanINs and PDAC (Brembeck et al. 2003). Moreover, the hypothesis that pancreatic
precancerous lesions could arise from normal ductal epithelia was disproven by the use of a
Sox9°"*FR:Kras®'?® mouse model; after activation of mutant Kras in ductal cells at postnatal
day 10, pancreata displayed only rare PanINs and had an almost normal appearance (Kopp
et al. 2012).

The first indications, that acinar cells could give rise to ductal structures, came up in 1987.
Here, Willemer et al. described that in the setting of a pancreatitis, acinar cells are
responsible for the generation of tubular complexes (Willemer et al. 1987). Actually, this
assumption was proven by several studies, demonstrating that upon cell damage, acinar
cells undergo the so-called acinar-to-ductal metaplasia (ADM) and de-/transdifferentiate
into cells with a ductal appearance (Figure 1.5) (Strobel et al. 2007, Habbe et al. 2008,
Guerra et al. 2007, Jensen et al. 2005). ADM formation can be induced through the
expression of oncogenic Kras (Guerra et al. 2007), over-expression of TGF-a (Wagner et al.
1998, Means et al. 2005) or through inflammatory processes (Strobel et al. 2007).
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Figure 1.5: Acinar-to-ductal metaplasia initiates PDAC development. Conversion of
acinar cells into metaplastic ductal cells can be induced in the setting of pancreatitis. In
principle, ADM is a reversible process, cells can regenerate (Kong et al. 2016). However,
oncogenic Kras expression in inflammation-triggered ADM cells is supposed to initiate the
formation of PDAC precursor lesions and PDAC (Guerra et al. 2007). Graphic was
adapted and modified from (Morris, Wang, and Hebrok 2010).



Upon the induction of a caerulein-mediated acute pancreatitis, transient ADM formation can
be observed. During pancreatic regeneration, tubular complexes are replaced by normal
pancreatic parenchyma, suggesting that ADM is a reversible process (Figure 1.5) (Kong et

al. 2016). When oncogenic Kras®'?"

is expressed in embryonic acinar cells (inducible
Elastase-Cre mouse model), mice develop ADMs between an age of one to three months, at
later stages PanINs (three-month-old mice) and PDAC (twelve-month-old mice) (Guerra et
al. 2007). Due to the fact that ADM seems to precede PanlIN development, it is believed that
ADM poses the precursor state for manifested pancreatic precursor lesions or PDAC.
Moreover, since pancreatitis together with the concomitant expression of mutant Kras is
required to initiate PDAC development in an adult stage, it is supposed that inflammation-
induced ADM is essential to commence oncogenic transformation by oncogenic Kras (Figure

1.5) (Guerra et al. 2007).

1.5.1 ADM cells, PDAC precursor lesions and pancreatic tumor cells
acquire a progenitor-like cell character

Since differentiated acinar cells are refractory to oncogenic Kras-driven cell transformation,
but not embryonic acinar and ADM cells (Guerra et al. 2007), expression of pancreatic cell
fate genes and the activation status of signaling pathways could be remodeled in metaplastic
structures. Importantly, caerulein-induced acinar dedifferentiation is hallmarked by a re-
expression of the transcription factors Pdx1 and Hes1 (hes family BHLH transcription factor
1), which are characteristically expressed in pancreatic progenitor cells (Jensen et al. 2005).
Up-regulation of nestin, a filament marker for exocrine progenitor cells can be also detected
in metaplastic ductal lesions (Fendrich et al. 2008). According to Prevot et al., ADM cells
highly express the transcription factor Hnf6, which stimulates expression of the ductal marker

Sox9 (Prevot et al. 2012). Over-expression of Sox9 in Kras®'?°

-expressing mice aggravates
ADM and PanIN formation, whereas Sox9 deletion leads to a significant decrease of
precursor lesions (Kopp et al. 2012). Moreover, 100 % of PanIN and 89 % of PDAC samples
were found to be positive for SOX9 (Shroff et al. 2014), whereas PDX1 was detected in more
than 40 % of human PDAC cases (Liu et al. 2007). Besides the reactivated expression of
transcription factors, important in pancreatic development, a silencing of acinar-specific
genes appears in pancreatitis-induced ADM and pancreatic carcinogenesis. Thus,
expression of amylase is greatly reduced in acute pancreatitis, one day after caerulein
administration in wildtype mice (Jensen et al. 2005) and expression of the enzyme is
inhibited in PDAC cell lines (Torres et al. 2013). Moreover, expression of the acinar
differentiation transcription factor Ptf1a is greatly lost in PanIN lesions (Krah et al. 2015).
Levels of MIST1 were found to be largely decreased in human CP and PDAC tissue

(Johnson et al. 2012). Depletion of these factors in oncogenic Kras-expressing mice
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accelerates PDAC development (Shi et al. 2009, Krah et al. 2015), suggesting that a
repression of a acinar differentiation genes promotes PDAC.

In early pancreas development, expression of the progenitor genes PDX1 and SOX9 is
positively stimulated through epigenetic histone remodeling (Xie et al. 2013). Hence,
epigenetic modifications could contribute to the transcriptional reprogramming, occurring in

pancreatic carcinogenesis.
1.6 Epigenetic modifications

The term epigenetics refers to heritable changes in gene expression, which are not caused
by alterations in the DNA sequence (Goldberg, Allis, and Bernstein 2007). So far, DNA
methylation, histone modification and microRNA-induced regulation of gene expression have

been described as epigenetic mechanisms (McCleary-Wheeler et al. 2013).

1.6.1 DNA methylation

Regulation of DNA methylation at promoter regions serves as an important tool to influence
gene expression. Thus, DNA methylation plays a pivotal role in X chromosome inactivation,
genomic imprinting, embryonic development and differentiation processes (Bird 2002).
However, deregulation of DNA methylation drives tumor development and progression. On
the one hand, tumor cell genomes posses hypomethylated areas, which are also apparent at
oncogenes (Feinberg and Vogelstein 1983), while on the other hand focal DNA
hypermethylation can be frequently detected at gene loci of tumor suppressor genes, like
P16™“* (Herman et al. 1995, Schutte et al. 1997). DNA methylation occurs at cytosine
residues of so-called CpG (5'-C-phosphate-G-3') nucleotides, which are frequently
accumulated in CpG islands (Larsen et al. 1992). Two distinct groups of DNA
methyltransferases catalyze DNA methylation. DNA methyltransferase 1 (DNMT1) maintains
and copies methyl group patterns from the parental to the newly synthesized daughter strand
during replication (Song et al. 2012). DNMT3a and DNMT3b are designated as de novo
methyltransferases and set up methylation patterns during embryonic development
(Robertson et al. 1999). Generally, DNA methylation can prohibit the binding of core
transcription factors and therefore impedes gene transcription (Choy et al. 2010). Moreover,
methyl-CpG binding proteins (MBDs), such as MeCP2, recognize methylated DNA (Hendrich
and Bird 1998) and serve as docking sites for repressive histone modifying complexes,
helping to strengthen chromatin compaction and induce a more persistent gene silencing.
For instance, MeCP2 can interact with HDACs (Nan et al. 1998) or histone
methyltransferases (Fuks et al. 2003).
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Expression of DNMT1, DNMT3a and DNMT3b is elevated in PanIN lesions and PDAC, and
high levels correlate with low survival (Zhang et al. 2012). Immunoprecipitation of highly
methylated DNA from PDAC patients and normal tissue identified promoter hypermethylation
of the tumor-suppressor gene Wnk2 (Lysine-Deficient Protein Kinase 2), a negative regulator
of the ERK/MAPK pathway, in PDAC. Expression of this gene is indeed decreased in PDAC,
demonstrating that DNA methylation-induced gene silencing contributes to oncogenic cell

transformation (Dutruel et al. 2014).

1.6.2 Histone modifications

Recently, several studies indicated that DNA methylation acts in concert with further
epigenetic mechanisms like histone modifications (Nan et al. 1998, Fuks et al. 2003).
Histones are positively charged protein components of the eukaryotic chromatin, responsible
for packaging of DNA into so-called nucleosomes. The histone family comprises histone
H2A, H2B, H3, H4 and H1. Precisely, nucleosomes are assembled as octamers, consisting
of two H2A-H2B histone dimers and one H3-H4 tetramer, bound by 146 bp of DNA (Luger et
al. 1997, Marino-Ramirez et al. 2005). Histone H1 dynamically binds to the nucleosomes,
stabilizes the wrapped and adjacent linker DNA and is therefore described as linker histone
(Bustin, Catez, and Lim 2005).

Importantly, histones can be modified post-translational within their N-terminal tails or core
globular domains (Figure 1.6 A) (Tropberger and Schneider 2013). Histone tail amino acids,
such as serine, threonine or tyrosine, are commonly phosphorylated, whereas lysine and
arginine residues can undergo methylation, acetylation, ubiquitination or sumoylation (Strahl
and Allis 2000). Assessing the "histone code" of a specific gene can predict if gene

transcription is in an active or repressed state (Figure 1.6 B).
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Figure 1.6: Epigenetic mechanisms control gene expression. (A) Open chromatin
conformation is guaranteed by histone acetylation and activating histone methylation,
such as H3K4me3 (Legube and Trouche 2003, Zhang, Wen, and Shi 2012). In contrast,
DNA methylation, histone ubiquitination or repressive histone methylation, like
H3K27me3, favor chromatin compaction (Zhang, Wen, and Shi 2012). Consequently,
RNA transcription machinery can no longer access DNA and gene expression is
repressed (Niessen, Demmers, and Voncken 2009) (B) Overview of relevant histone
modifications.

1.6.2.1 Activating histone modifications

Activation of gene expression is triggered, amongst others, by histone acetylation, which is
catalyzed by histone acetyltransferases (HATs) (Legube and Trouche 2003). Lysine
acetylation can stimulate gene expression in distinct ways. First, upon acetylation,
neutralization of positively charged histones occurs, leading to weakened histone-DNA
interactions and to a more open chromatin conformation (Hong et al. 1993) (Legube and
Trouche 2003). Second, recent studies implicated that histone acetylation is recognized by
small proteins, called bromodomains, which coordinate the binding of further chromatin
remodelers, transcription factors or the transcription machinery. For instance, p300 harbors a
bromodomain, which allows the docking to acetylated lysines. Consequently, p300's intrinsic
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HAT module enriches histone acetylation and transcriptional activation is achieved (Chen,
Ghazawi, and Li 2010).

In contrast, histone deacetylation by histone deacetylases (HDACs) induces gene silencing.
Under normal circumstances, the activity of HATs and HDACs is tightly coordinated to
ensure dynamic gene transcription (Legube and Trouche 2003). However, in PDAC, HDACH1
and 2 are highly expressed (Schneider et al. 2011) and are involved in the ZEB1-mediated
(zinc finger E-box binding homeobox 1) repression of E-Cadherin (Aghdassi et al. 2012).
Loss of E-cadherin favors epithelial-to-mesenchymal transition (EMT) and cancer cell
metastasis (Kalluri and Weinberg 2009).

Unlike activating histone acetylation, histone methylation can either serve as a positive or a
repressive mark. For instance, methylation on lysine 4 of histone H3 (H3K4) is associated
with transcriptional activation, whereas di- and trimethylation on lysine 27 of histone H3
(H3K27) is linked to transcriptional repression (Zhang, Wen, and Shi 2012). The level of tri-
methylated H3K4 (H3K4me3) peaks at transcriptional start sites (TSS) of actively expressed
genes (Koch et al. 2007). Tri-methylation of H3K4 is catalyzed by a heterogeneous group of
Trithorax group (TrxG) proteins. Depending on their function, TrxG proteins are either
designated as histone-modifying or ATP-dependent chromatin remodeling complexes
(Schuettengruber et al. 2007).

1.6.2.2 Repressive histone modifications - Polycomb group (PcG) proteins

By causing transcriptional repression, the so-called Polycomb group proteins behave
antagonistically to the TrxG proteins. PcG proteins are arranged in complexes, such as the
the Polycomb repressor complexes 1 and 2 (PRC1, PRC2). First, PRC2 mediates the
trimethylation of H3K27, which is then recognized by PRC1 (Cao et al. 2002). Subsequently,
PRC1 catalyzes the mono-ubiquitination of lysine 119 of histone H2A (H2AK119ub), leading
to chromatin compaction and gene repression (de Napoles et al. 2004, Niessen, Demmers,
and Voncken 2009). PRC2 and PRC1 are assembled as multiprotein complexes, composed
of catalytic subunits, co-activators, complex stabilizers and chromatin binding domains
(Figure 1.7).
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1.6.3 Structure of PRC2

Core PRC2 consists of three proteins, EZH2 (enhancer of zeste homolog 2), SUZ12
(suppressor of zeste homolog 12) and EED (embryonic ectoderm development)
(Montgomery et al. 2005). Trimethylation of H3K27 is catalyzed by the histone-lysine N-
methyltransferase EZH2 (Cao et al. 2002). EED, as well as SUZ12 are required for
enzymatic activity of PRC2 (Cao and Zhang 2004, Kim et al. 2013). It was suggested that
SUZ12 mediates the interaction between EZH2 and the nucleosomes (Cao and Zhang 2004)
and that EED is required to stabilize functional PRC2 (Montgomery et al. 2005). Moreover,
EED is believed to coordinate recruitment of PRC1 to H3K27me3 and can enhance the

activity of the complex (Cao et al. 2014).

1.6.4 Structure of PRC1

In particular, mammalian core PRC1 is built up of RING1a (ring finger protein 1) and RING1b
(ring finger protein 2), BMI1 (B lymphoma Mo-MLV insertion region 1), CBX (chromobox
homolog) and the PH (Polyhomeotic homologue) proteins (Simon and Kingston 2009,
Margueron and Reinberg 2011).

Successive H2AK119ub modification is carried out by the E3 ubiquitin ligases RING1a and
RING1b (Cao, Tsukada, and Zhang 2005, de Napoles et al. 2004). As their names suggest,
they exhibit a ring finger domain, which is highly related to the zinc finger motif found in
transcription factors (Lovering et al. 1993, Choi and Kang 2011). In mammalian cells,
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RING1b seems to be of higher importance than RING1a, because its depletion in embryonic
stem (ES) or HelLa cells caused a dramatic decrease of global H2AK119ub levels (de
Napoles et al. 2004, Wang et al. 2004, van der Stoop et al. 2008). Moreover, global Ring1b
null embryos turned out to be lethal due to gastrulation defects (Voncken et al. 2003),
whereas Ring1a-deficient mice are viable, but exhibit skeletal abnormalities (del Mar Lorente
et al. 2000).

Importantly, RING1b function and stabilization is dependent on BMI1. Buchwald et al.
revealed that RING1b-mediated H2A ubiquitination is greatly stimulated by the addition of
BMI1 in vitro. Importantly, BMI1 itself has no intrinsic ubiquitin ligase activity (Buchwald et al.
2006), but helps to adjust nucleosomes for H2A ubiquitination (Li et al. 2006).

Moreover, CBX family proteins are believed to mediate binding of PRC1 to chromatin
(Vincenz and Kerppola 2008). For instance, Cbx7 shows a strong affinity for H3K27me3
(Bernstein, Duncan, et al. 2006).

The function of the PH proteins is not entirely clear, but there is evidence that they are
necessary for the extension of PcG complexes (Kim et al. 2002).

1.6.5 Mechanisms of PcG-mediated transcriptional repression

It remains largely elusive how PcG proteins actually repress gene transcription. Tiwari et al.
suggested that PcG proteins can modulate chromatin organization by inducing the formation
of "pre-repressive chromatin hubs", which impedes the binding of the transcriptional
machinery (Tiwari et al. 2008). Another study highlights that PRC1 prohibits the assembly of
the RNA polymerase Il preinitiation complex (PIC) (Lehmann et al. 2012). Moreover, it was
proposed that presence of H2AK119ub helps to retain RNA polymerase Il in a poised state,
characterized by phoshorylation of its carboxy-terminal domain at serine 5 (Stock et al.
2007). Besides retention of the transcriptional machinery, studies revealed that PcG proteins
communicate with other epigenetic silencing systems. Thus, the PRC2 subunit EED can
interact with HDAC proteins (van der Vlag and Otte 1999) and EZH2 can recruit DNA
methyltransferases, which enforce gene silencing. Upon depletion of EZH2, binding of
DNMT1, DNMT3a and DNMT3b to EZH2 target genes is reduced, CpG island methylation
decreased and gene expression de-repressed (Vire et al. 2006).

In summary, PRC-mediated gene silencing encompasses chromatin organization,

interference with the transcriptional machinery and recruitment of other epigenetic modifiers.

1.6.6 PcG target genes

Initially, PcG proteins were discovered in Drosophila melanogaster, supporting proper body
segmentation during embryonic development (Schuettengruber et al. 2007). For the large-
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scale identification of PcG target genes, chromatin immunoprecipitation experiments (ChlP),
such as ChIP-on-Chip or ChlP-sequencing, were performed. In ES cells, PRC2 and PRCH1
were found to target genes associated with developmental processes, cell-fate commitment
and differentiation (Boyer et al. 2006, Lee et al. 2006, van der Stoop et al. 2008). Here, the
majority of repressed genes comprises key developmental regulators, like the HOX gene
family, suggesting that PcG-mediated gene silencing helps to stably maintain ES cells in an
undifferentiated state (Lee et al. 2006). In ES cells, genes of central developmental
regulators are strongly associated with bivalent histone marks; gene regions, which
simultaneously harbor H3K4me3 and H3K27me3 modifications. Bivalent domains primarily
keep genes in an inactivated state, but remain them poised for activation However, in
differentiated cells, bivalent domains resolve and genes finally harbor either repressive or
activating histone methylation marks, (Bernstein, Mikkelsen, et al. 2006, Mikkelsen et al.
2007). Besides high levels of H3K27me3, the transcriptionally silent state of genes
associated with bivalent domains is additionally dependent on the presence of H2AK119ub.
Upon depletion of Ring1b, H2AK119ub levels at bivalent domains decrease, the poised form
of the RNA polymerase Il (phosphorylated on serine 5) is released and genes are actively
expressed (Stock et al. 2007).

1.6.7 Regulation of PcG proteins

Differentiation processes are tightly regulated by a dynamic expression of PcG proteins.
Thus, Ring1b expression can be detected until E14.5 in pancreatic branch tips, where
multipotent pancreatic progenitor cells are located (Martinez-Romero et al. 2009, Stanger
and Hebrok 2013). However, when multipotent progenitor cells start to differentiate into
immature acinar cells around E15.5-16, Ring1b expression is decreased and nearly
completely lost in adult acinar cells (Martinez-Romero et al. 2009). In embryonic epidermal
precursor cells, EZH2 can be found, but not in differentiated cell lineages (Ezhkova et al.
2009).

Signaling pathways and associated transcription factors, which control PcG expression,
remain largely unkown. However, phosphorylated retinoblastoma protein (pRB) and
retinoblastoma-associated protein (E2F), which coordinate cell cycle progression, were
identified to positively regulate expression of EZH2 and EED (Bracken et al. 2003).

In human prostate tumors, over-expression of BMI1 correlates with an aberrant activation of
the PI3K/Akt signaling pathway. Nacerddine et al. revealed that Akt (protein kinase B)
directly phoshorylates BMI1, which in turn stimulates RING1b-mediated histone H2A
ubiquitination (Nacerddine et al. 2012). Moreover, posttranslational modifications of RING1b,
such as its self-ubiquitination, are required for proper H2A ubiquitin ligase activity (Ben-

Saadon et al. 2006). In contrast, ubiquitination of RING1b by exogenous ubiquitin ligases,
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such as E6-AP (E6-associated protein), causes proteasomal degradation (Zaaroor-Regev et
al. 2010).
In summary, the regulation of PcG protein levels and their activity involves changes in gene

expression and posttranslational modifications, respectively.

1.6.8 Recruitment of PcG proteins to their target genes

To date, it is not clear which signals or mechanisms induce recruitment of PcG proteins to
their specific target genes. Mendenhall et al. proposed that GC-rich DNA elements, without
the presence of activating transcription factor binding sites, can recruit EZH2 to induce
heterochromatin formation (Mendenhall et al. 2010). Several studies suggest that
transcription factors themselves guide PcG proteins to their target gene promoters. Thus, the
transcriptional repressor JARID2 (jumonji- and ARID-domain-containing protein) was
identified to recruit PRC2 (Pasini et al. 2010). Goke et al. reported that gene loci bound by
ELK1 (ETS transcription factor), but not by ERK2 (mitogen-activated protein kinase 1), are
co-occupied by EZH2 and RING1b and repressed, whereas genes associated with both
ELK1 and ERK2 are actively expressed (Goke et al. 2013).

Besides transcription factors, chromatin remodelers were also identified to be involved in the
recruitment of PcGs. For instance, in ES cells the histone demethylase Kdm2b (lysine
demethylase 2B) helps to recruit Ring1b to its target genes. In absence of Kdm2b, binding of
Ring1b and H2AK119 ubiquitination is reduced (Wu, Johansen, and Helin 2013).

1.6.9 Role of PRC2 in cancer

Deregulated expression or modified function of PcG proteins highly contribute to cancer
initiation and progression. Over-expression of EZH2 was amongst others identified in
prostate, breast or non-small lung cancer and is correlated with cellular transformation,
cancer aggressiveness, poor prognosis and survival (Varambally et al. 2002, Kleer et al.
2003, Behrens et al. 2013). Regarding pancreatic cancer, EZH2 accumulation was found in
68 % of human PDAC cases and almost always occurrs in poorly differentiated tissue
(Ougolkov, Bilim, and Billadeau 2008). Loss of EZH2 in pancreatic cancer cells causes re-
expression of the cell cycle inhibitors P27"P' (cyclin-dependent kinase inhibitor 1B) and
P21°°" (cyclin-dependent kinase inhibitor 1A), causing reduced cell proliferation (Ougolkov,
Bilim, and Billadeau 2008, Batchu et al. 2013). Ezh2-mediated suppression of p716"™*** during
caerulein-induced pancreatitis was shown to promote cell proliferation in terms of tissue

regeneration (Mallen-St Clair et al. 2012).
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Importantly, elevated levels of EZH2 are a prerequisite for pancreatic and breast cancer stem
cells. Knockdown of EZH2 decreases the frequency of cancer stem cells (CSCs) and is

associated with an increased expression of differentiation genes (van Vlerken et al. 2013).

1.6.10 Role of PRC1 in cancer

Besides elevated levels of EZH2, several studies implicated that CSCs from prostate cancer,
hepatocellular carcinoma or pancreatic cancer are characterized by high levels of BMI1
(Chiba et al. 2008, Lukacs et al. 2010, Proctor et al. 2013). In pancreatic CSCs, BMI1
knockdown constrains tumor sphere formation and self-renewal capacities (Proctor et al.
2013). Broad over-expression of BMI1 was not only found in CSCs, but also in PanIN
lesions, PDAC tissue and human pancreatic cancer cell lines (Proctor et al. 2013, Martinez-
Romero et al. 2009). Moreover, in the setting of a caerulein-induced acute and chronic
pancreatitis, up-regulation of Bmi1 was observed in damaged acinar cells, as well as in ADM
lesions (Martinez-Romero et al. 2009). Strikingly, when both alleles of Bmi1 are depleted in
Pdx1°®;Kras®'?® mice, formation of PanIN lesions is greatly abolished, claiming that Bmi1 is
crucial for pancreatic carcinogenesis (Bednar et al. 2015).

In addition to Bmi1, deregulations of Ringlb also mediate cancer development and
progression. RING1b was found to be over-expressed in ductal breast carcinoma, prostate
cancer and PDAC (Bosch et al. 2014, van Leenders et al. 2007, Chen, Chen, et al. 2014,
Martinez-Romero et al. 2009). To prove that Ring1b expression is a prerequisite for
oncogenic transformation, Ring1b was depleted in mouse embryonic fibroblasts (MEFs) prior
to or after mutant Kras expression. Interestingly, in vivo tumor growth is significantly reduced
in both cases, suggesting that Ring1b could be regarded as a relevant oncogene (Piunti et
al. 2014). In ductal breast carcinoma, RING1b expression is mostly enhanced in stroma-
invading tumor cells. By inhibiting P63 (tumor protein p63) through histone ubiquitination,
RING1b indirectly induces expression of the focal adhesion kinase (FAK), which is an
important mediator of cell migration and cell invasion (Bosch et al. 2014).

Regarding pancreatic cancer, RING1b expression was found to be up-regulated in PanIN
lesions as well as in PDAC (Martinez-Romero et al. 2009). PDAC specimens that display
high levels of H2AK119ub correlate with a larger tumor size, poorer differentiation, lymph
node metastasis and a shorter survival rate (Chen, Chen, et al. 2014). When RING1b-
depleted pancreatic tumor cells were subcutaneously transplanted into nude mice, tumor
volume was significantly smaller in comparison to transplanted control cells (Chen, Chen, et
al. 2014). A recent study proposed, that Snail, an important mediator of EMT, recruits Ring1b
to the E-cadherin promoter, contributing to its gene repression and oncogenic cell
transformation (Chen, Xu, et al. 2014). However, only few mechanistic studies are available

and Ring1b target genes remain largely elusive.
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2 Aim of the study

Nowadays, it has been widely accepted that acinar-to-ductal metaplasia is an important
prerequisite for the formation of PanIN lesions and PDAC (Zhu et al. 2007, Guerra et al.
2007). However, initial de-/trans-differentiation of acinar cells has not been precisely defined,
yet. Thus, in this study, an in vitro ADM model shall be established, to allow the isolation and
analysis of metaplastic cells.

Pancreatic carcinogenesis is characterized by a loss of acinar differentiation (Krah et al.
2015, Shi et al. 2009) and a concomitant recapitulation of developmental pathways and
cellular processes (Morris, Wang, and Hebrok 2010, Liu et al. 2007). mRNA expression
profiling will allow the large-scale identification of differentially expressed genes in an in vitro
multi-step model consisting of embryonic and differentiated acinar cells, ADM and pancreatic
cancer cells. In addition, expression data shall be used to characterize the nature of ADM
cells.

Since PDAC initiation and progression is hallmarked by broad changes in the transcriptome,
the role of epigenetic alterations will be assessed in this study. In ES cells, epigenetic
modifications catalyzed by PcG proteins, such as RING1b, mediate repression of
differentiation genes and consequently contribute to the maintenance of ES cells (van der
Stoop et al. 2008, Ku et al. 2008, Endoh et al. 2008). RING1b is barely expressed in mature
acinar cells, but expression has been found to be reactivated in PDAC precursor lesions and
PDAC tissue (Martinez-Romero et al. 2009). Thus, it shall be determined if Ring1b-mediated
gene silencing contributes to the establishment of a progenitor-like profile in pancreatic
cancer. Moreover, to assess the functional role of the epigenetic repressor in inflammatory

acinar-to-ductal metaplasia and Kras®'?°

-mediated pancreatic carcinogenesis, conditional
Ring1b knockout mice will be investigated. In pancreatic cancer, over-expression of Ring1b
correlates with poor survival (Chen, Chen, et al. 2014). Hence, to demonstrate its function in
full blown pancreatic cancer cells, CRISPR/Cas9-mediated gene knockout will be performed.
Moreover, the application of a PRC1 inhibitor, shall reveal if the epigenetic remodeling

complex is suited as a therapeutic target.
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3 Materials and Methods

3.1 Materials

Standard chemicals and reagents, which are not listed in the following, were ordered with the

purity degree 'pro analysi' from Sigma-Aldrich (St. Louis, USA), Carl Roth GmbH (Karlsruhe)

and the on-site dispensary.

3.1.1 Specific chemicals and reagents

Table 3.1: Specific chemicals and reagents

Reagent

Manufacturer

Acrylamide-bisacrylamide solution, Rotiphorese®
Gel 30

Carl Roth GmbH, Karlsruhe

Agarose broad range

Carl Roth GmbH, Karlsruhe

Albumine fraction V, Bovine serum albumin (BSA)

Carl Roth GmbH, Karlsruhe

Ammonium persulfate (APS)

Sigma-Aldrich, St. Louis, USA

BCP (1-Bromo-3-chloropropane)

Sigma-Aldrich, St. Louis, USA

BrdU (5-Bromo-2'-deoxyuridine)

Sigma-Aldrich, St. Louis, USA

Caerulein

Sigma-Aldrich, St. Louis, USA

Collagen Type |, rat tail

Corning, Bedford, USA

DAPI (4',6-Diamidino-2-phenylindole
dihydrochloride)

Sigma-Aldrich, St. Louis, USA

DAPI mounting medium

Dianova, Hamburg

Dexamethasone, water-soluble

Sigma-Aldrich, St. Louis, USA

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, St. Louis, USA

DNA ladder 1 kb Plus, GeneRuler

Thermo Fisher Scientific, Waltham, USA

DNA ladder 100 bp, HyperLadder

Bioline, London, GB

DNA loading dye (6X)

Thermo Fisher Scientific, Waltham, USA

Dulbecco’s Modified Eagle’s Medium (DMEM),
high glucose (4500 mg/I glucose)

Sigma-Aldrich, St. Louis, USA

Ethidium bromide

Sigma-Aldrich, St. Louis, USA

Fetal bovine serum (FBS)

Sigma-Aldrich, St. Louis, USA

Hank's Balanced Salt Solution (HBSS) (1X)

Merck Millipore, Billerica, USA

Heparin-Sodium-25000-ratiopharm®

Ratiopharm, Ulm

HEPES (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid) buffer solution (1 M)

Thermo Fisher Scientific, Waltham, USA

Isoflurane CP®

CP-Pharma, Burgdorf
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Liquid DAP + substrate chromogen system

Dako, Hamburg

Mayer's hemalum solution

Merck Millipore, Billerica, USA

Mounting medium, VectaMount

Vector Laboratories, Burlingame, USA

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide)

Sigma-Aldrich, St. Louis, USA

Nonident P-40 (NP-40) (IPEGAL® CA-630)

Sigma-Aldrich, St. Louis, USA

PCR reaction mix, Jumpstart™ REDTaq

Sigma-Aldrich, St. Louis, USA

Phosphate-buffered saline (1X) (PBS)

Sigma-Aldrich, St. Louis, USA

PIPES (1,4-Piperazinediethanesulfonic acid)

Sigma-Aldrich, St. Louis, USA

Plasmid transfection medium

Santa Cruz, Dallas, TX, USA

Protein A agarose/salmon sperm DNA

Merck Millipore, Billerica, USA

Protein G agarose/salmon sperm DNA

Merck Millipore, Billerica, USA

Protein ladder, PageRuler™ (10 to 180 kDa)

Thermo Fisher Scientific, Waltham, USA

Protein loading buffer, NUPAGE® (4X)

Thermo Fisher Scientific, Waltham, USA

gRT-PCR reaction mix, KAPA SYBR FAST
LightCycler 480

Kapa Biosystems, Wilmington, USA

Red blood cell lysing buffer

Sigma-Aldrich, St. Louis, USA

RPMI-1640 (Roswell Park Memorial Institute
Medium 1640)

Sigma-Aldrich, St. Louis, USA

Serum, goat

Abcam, Cambridge, UK

Sodium deoxycholate

Sigma-Aldrich, St. Louis, USA

Sodium dodecyl sulfate (SDS), ultrapure

Sigma-Aldrich, St. Louis, USA

Tamoxifen

Sigma-Aldrich, St. Louis, USA

TEMED (Tetramethylethylenediamine)

Carl Roth GmbH, Karlsruhe

TGF-a, human recombinant protein

Thermo Fisher Scientific, Waltham, USA

TRI-reagent

Sigma-Aldrich, St. Louis, USA

Triton X-100

Sigma-Aldrich, St. Louis, USA

Trypan blue stain, 0.4 %

Thermo Fisher Scientific, Waltham, USA

Trypsin-EDTA solution

Sigma-Aldrich, St. Louis, USA

Tween®20

Carl Roth GmbH, Karlsruhe

UltraCruz® transfection reagent

Santa Cruz, Dallas, USA

3.1.2 Kits

Table 3.2: Kits

Kit

Manufacturer

Amersham™ ECL™ Western Blot Detection Kit

GE Healthcare, Little Chalfont, UK

EpiTect® Bisulfite Kit

Qiagen, Hilden
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NE-PER® Nuclear and Cytoplasmic Extraction Kit | Thermo Fisher Scientific, Waltham, UK
Pierce BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA
Qiaquick® PCR Purification Kit Qiagen, Hilden

QIAamp® DNA Mini Kit Qiagen, Hilden

RNeasy® Plus Mini Kit Qiagen, Hilden

Verso cDNA synthesis Kit Thermo Fisher Scientific, Waltham, USA

3.1.3 Inhibitors

Table 3.3: Inhibitors

Inhibitor Manufacturer

Bmi1-Ring1A E3 ligase inhibitor, PRT4165 Merck Millipore, Billerica, USA
MEK inhibitor, PD 98059 Tocris, Bristol, UK
Phosphatase inhibitor, PhosSTOP, EASYpack Roche, Basel, Switzerland
PI3K inhibitor, LY 294002 hydrochloride Tocris, Bristol, UK
Protease inhibitor cocktail, cOmplete Mini Roche, Basel, Switzerland
3.1.4 Enzymes
Table 3.4: Enzymes

Enzyme Manufacturer
Collagenase, Type VIII Sigma-Aldrich, St. Louis, USA
Collagenase P Roche, Basel, Switzerland
CpG Methyltransferase (M. Sssl) New England Biolabs, Ipswich, USA
DNase, RNase-free DNase set Qiagen, Hilden
Micrococcal Nuclease (MNase), 100 units/ul | Thermo Fisher Scientific, Waltham, USA
Proteinase K Peglab Biotechnologie GmbH, Erlangen
RNase A Qiagen, Hilden
3.1.5 Plasmids

Table 3.5: Plasmids

Plasmid Manufacturer / Reference
Control CRISPR/Cas9 plasmid Santa Cruz, Dallas, USA / sc-418922
Ring1b CRISPR/Cas9 KO plasmid Santa Cruz, Dallas, USA / sc-422688
Ring1b HDR plasmid Santa Cruz, Dallas, USA / sc-422688-HDR
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3.1.6 Antibodies

3.1.6.1 Primary antibodies

Table 3.6: Primary antibodies

Antibody Host Application / Dilution Manufacturer / Reference
Anti-a-Tubulin mouse WB 1:1000 Abcam, Cambridge, UK /
ab11304
Anti-B-Tubulin rabbit WB 1:1000 Abcam, Cambridge, UK / ab6046
Anti-Akt rabbit WB 1:1000 Cell Signaling, Danvers, USA /
#9272
Anti-Amylase mouse IF 1:100 Santa Cruz, Dallas, USA /
wB 1:5000 sc-46657
Anti-Bmii mouse IHC 1:100 Merck Millipore, Billerica, USA /
WB 1:500 05-673
Anti-BrdU rat IF 1:100 Santa Cruz, Dallas, USA /
sc-56258
Anti-Cytokeratin 19 (rat IF 1:20 Developmental Studies,
(Troma 1) IHC 1:100 - 1:20 |Hybridoma Bank, University of
wB 1:1000 lowa, USA
Anti-Dnmt3a rabbit WB 1:1000 Santa Cruz, Dallas, USA /
sc-20703
Anti-Erk rabbit WB 1:3000 Cell Signaling, Danvers, USA /
#9102
Anti-Gapdh rabbit WB 1:2000 Santa Cruz, Dallas, USA /
sc-25778
Anti-H2AK119ub rabbit ChiP 9 ug Cell Signaling, Danvers, USA /
IHC 1:1000 #8240
IF 1:400
WB 1:40000
Anti-H3 rabbit WB 1:2000 Cell Signaling, Danvers, USA /
#9715
Anti-H3K4me3 rabbit ChiP 4 ug Cell Signaling, Danvers, USA /
wB 1:1000 #9751
Anti-H3K27me3 rabbit ChlP 6 ug Merck Millipore, Billerica, USA /
wB 1:2000 #07-449
Anti-H3K27me3 rabbit ChiP 10 ug Abcam, Cambridge, UK / ab6002
Anti-phospho-Akt rabbit WB 1:1000 Cell Signaling, Danvers, USA /
#4060
Anti-phospho-Erk rabbit WB 1:1000 Cell Signaling, Danvers, USA /
#9101
Anti-Ring1b rabbit WB 1:500 Cell Signaling, Danvers, USA /

#5694
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Anti-Ring1b rabbit IHC 1:400 Novus Biologicals, Littleton, USA /
NBP1-49966

Anti-Ring1b rabbit IHC 1:200 Epigentek, Farmingdale, USA /
A-2720

Anti-tdTomato mouse IF 1:200 OriGene, Rockville, USA /
TA 180009

IHC = Immunohistochemistry

IF = Immunofluorescence

WB= Western blot

ChlP = Chromatin immunoprecipitation

FACS = Fluorescence activated cell sorting

3.1.6.2 Secondary antibodies

Table 3.7: Secondary antibodies

Application /

Antibody Host Conjugate Dilution

Manufacturer / Reference

Anti-mouse IgG  |goat  |Alexa Fluor® 568 |IF 1:200

Thermo Fisher Scientific,
Waltham, USA / A11004

Anti-mouse IgG  |goat Horseradish WB  1:2000 |Promega, Madison, USA /
peroxidase w4021

Anti-mouse IgG  |goat Horseradish IHC ready to Dako, Hamburg / K4001

EnVision+ peroxidase use

System

Anti-rabbit IgG goat Alexa Fluor®488 |IF 1:200

Thermo Fisher Scientific,
Waltham, USA / A11034

Anti-rabbit IgG goat APC IF 1:200 Thermo Fisher Scientific,
Waltham, USA / A10931
Anti-rabbit IgG goat Horseradish WB  1:2000 |Promega, Madison, USA /
peroxidase W4011
Anti-rabbit IgG goat Horseradish IHC ready to Dako, Hamburg / K4003
EnVision+ peroxidase use
System
Anti-rat IgG goat Alexa Fluor®488 |IF 1:200 Thermo Fisher Scientific,
Waltham, USA / A11006
Anti-rat IgG rabbit [Horseradish IHC 1:100 Dako, Hamburg / P0450
peroxidase
Anti-rat IgG goat Horseradish WB  1:2000 |[Santa Cruz, Dallas, USA/
peroxidase sc-2006
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3.1.7 Oligonucleotides (Primer)

All primers were designed with a melting temperature of 60 °C and were ordered (25 N,
desalted) from Thermo Fisher Scientific (Waltham, USA).

3.1.7.1 Gene expression primer (for qRT-PCR)

Table 3.8: Gene expression primer

Primer Sequence forward (5' —»3') Sequence reverse (5'— 3')
Amylase (1)* |TCCACCTGTTTGAGTGGCGCTGGGT |TGGGTGGAGAGACCTGCACACCTC
Amylase (2) |TTCGTTCTGCTGCTTTCCCT ATCGCTCACATTCCTTGGCA
Bmit* GGCTCCAATGAAGACCGAGG ATCATTCACCTCTTCCTTAGGCT
Dnmt3a _(?gTGCTGTGTGACCAAG GAAGGCCG [TCGGCCCCGGGAGCCCTCCATT
Hes1* AAAATTCCTCCTCCCCGGTG TTTGGTTTGTCCGGTGTCG
Mist1* TCCCCAGTTGGAAGGGCCTCA TCCTGCATGGGTGTTCGGCG
Pdx1 TGCCACCATGAACAGTGAGG GGAATGCGCACGGGTC
Ppib* GGAGCGCAATATGAAGGTGC CTTATCGTTGGCCACGGAGG
Ptfla CTTGCAGGGCACTCTCTTTC CGATGTGAGCTGTCTCAGGA
Rbpj* GAGGGCGCGTCCCAAAACCC AAACTTCCCCGCCGATGGAGC
Rbpjl* GTATCGAAGTCAGTGGCGGT GCAGGCTCAGGTGAGTCAAA
Ring1a GGTGGAGAGATTGAGCTTGTGT TTCACGTACCGAGTCTGGCA
Ring1b (1)* |GTTGATTCTCGAGTCTCGCTC TGAGACATTTCGGCTCCTGC
Ring1b (2) CGGTGCCAGTGAGATTGAGT CCTCACAGCCAGATACTTGGA

* Primer sequences were published in (Benitz et al. 2016).

3.1.7.2 ChIP primer (for qRT-PCR)

Table 3.9: ChIP primer

Primer Sequence forward (5'—» 3') Sequence reverse (5'— 3')
Bmit1 P1* CGGTGACTGTACGTTAGCCT TCAGCTCATCCCACAGCAAA
Bmi1 P2~ TGTGGTGGCAGTTCAAGCTA CTCCCTAGTGTACTTAGGACCCA
Bmi1 P3* GCCCTTTGGTGGGAACTTGA TGAAACCACAGGCTCTTTCCT
Ptfia* GGACCAGATCCGACCCTACT CCGCTCCTACGTTCTTTGGT
Rbpj* CCCAACCTCGGCACTCAATG ATGCCACTGATTCCCTACTGG
Rbpjl* (1) GTCGACACCGAATGAACCCA GATTCGGGCTTCATCCCTCC
Rbpjl (2) GGGCTTAGATGTGTGAACGGT AGGGACCTAGTTAGGCTACACA

* Primer sequences were published in (Benitz et al. 2016).
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3.1.7.3 Methylation-specific PCR (MSP) primer (for PCR)

Table 3.10: MSP primer

Primer Sequence forward (5'— 3') Sequence reverse (5'— 3')
p16NK#A ACTGAATCTCCGCGAGGAAAGCG GCACACGGCCCTGGGCCGCCG
unmodified
p16™KA CGATTGGGCGGGTATTGAATTTT CACGTCATACACACACACGACCCTAA
methylated  |CGC ACCG
p16™A GTGATTGGGTGGGTATTGAATTTTTG |CACACATCATACACACAACCCTAAAC
unmethylated | TG CA

MSP primer sequences were adapted from (Sharpless et al. 2001).

3.1.7.4 Genotyping primer (for PCR)

Table 3.11: Genotyping primer

Primer Sequence forward (5'— 3') Sequence reverse (5'—» 3')
Kras®'?® (1) |CACCAGCTTCGGCTTCCTATT CCATGGCTTGAGTAAGTCTGC
(2) |[AGCTAATGGCTCTCAAAGGAATGTA
tdTomato (1) |[AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC
(2) |GGCATTAAAGCAGCGTATCC CTGTTCCTGTACGGCATGG
p48="T GAAGGCATTTGTGTAGGGTCA GGCTGAGTGAGGGTTGTGAG
Ring1b™ GGAAATGCAATGGTATCAATGTATAT [GCTAGCGATGTGGCTATG
G
3.1.8 Mouse strains
Table 3.12: Mouse strains
Internal name -
(Official name) Background Origin Reference
WT C57Bl6/J Janvier Labs, Saint-Berthevin Cedex,
(Wildtype) France
p48ERT C57Bl6/J This mouse line was generated through |p48©&R™*
(p48CreERT crossbreeding of p48¢eERT* (Kopinke et
LSL-tdTomato"*/"x) (B6.129S6(Cq)- Ptf1gmAcreESRICW, ) al. 2012)
#019378, Jackson Laboratory, Bar
Harbor, USA) and LSL-tdTomato™"* | LSL-td
mice (B6.Cg Gt(ROSA) 26Sor™#“A% | Tomato""

Tomatoltizel), #007914, Jackson X
Laboratory, Bar Harbor, USA).

(Madisen
et al. 2010)
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p48=RT;R1b"* C57BI6/J / The p48°*ERT*:| SL-tdTomato"*" Ring1b"o/fox
(p48CTeERT FVB/NJ mouse model was intercrossed with the |(Cales et al.
Ring1b"*; In particular, |Ring1b"™"** mouse strain. Ring1b""* |2008)
LSL-tdTomato™™*) |black mice mice were kindly provided by Miguel

were used for |Vidal (Centro de Investigaciones
p48=RT;R1b" experiments. |Biologicas, Madrid, Spain) and Prof. Dr.
(p48CTeERT Overtime, Magdalena Gétz (Helmholtz Zentrum
Ring1b"o/m; mice were Miinchen, Neuherberg).
LSL-tdTomato"") [backcrossed

to C57-Bl6/J.
p48tiT;K C57Bl6/J p48CERT+| S| -tdTomato"™"* mice LSL-
(p48CreERTH: were intercrossed with LSL-Kras®'?®*  |Kras®'??*
LSL-Kras®'2P"; mice (B6.129S4Kras™™J #008179,  |(Jackson et
LSL-tdTomato"*/"x) Jackson Laboratory, Bar Harbor, USA). |al. 2001)
p48&fT;K;R1b™* C57Bl6/J / p48°reERT | S| -Kras®'2P*; -
(p48CreERTH: FVB/NJ LSL-tdTomato""* were bred with
LSL-Kras®'2?"; In particular, |Ring1b""* mice.
Ring1b™**; black mice
LSL-tdTomato" ") [were used for

experiments.
p48=iT;K;R1b™" Overtime,
(p48CreERTH, mice were
LSL-Kras®'2P; backcrossed
Ring1b"o/M; to C57-BI6/J.
LSL-tdTomato"*/"x)
KC C57BI6/J p48°™"* mice (C57BL/6J;StockPtf1a p48Ce*
(p48°re’; tm1.1(Cre)Cvw) were kindly provided by | (Kawaguch
LSL-Kras®'2") Prof. Dr. Roland M. Schmid (Klinikum |i et al.

rechts der Isar, TU Miinchen). Mice 2002)
were crossed with LSL-Kras®'?”* mice.

KPC C57Bl6/J p48°®*: | SL-Kras®'?®* mice were bred [LSL-
(p48°re’; with LSL-Trp53%"72"* animals Trp53R172Hk
LSL-Kras®'2P"; (B6.129P2-Trp53tm1Brn/J, #008462,  |(Marino et
LSL-Trp53'%¢*) Jackson Laboratory, Bar Harbor, USA). |al. 2000)

3.1.9 Cell lines

Table 3.13: Cell lines

Cell line Characteristics
KC-428 Tumor cell line, isolated from a KC mouse *
KC-921 Tumor cell line, isolated from a KC mouse *
KPC-1050 Tumor cell line, isolated from a KPC mouse *

* The cell lines were already established in the lab.
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3.1.10 Consumption materials

Table 3.14: Consumption materials

Consumption materials

Manufacturer

96-well plate (QRT-PCR), white

STARLAB, Hamburg

Cell culture flasks (75 cm?, 175 cm?)

Greiner Bio-One, Kremsmunster, Austria

Cell culture plates (6-well, 12-well, 96-well)

Greiner Bio-One, Kremsmdnster, Austria

Cell culture plates, TC dish (60 mm, 100 mm)

Sarstedt, Nlrnbrecht

Cell scraper (25 cm)

Sarstedt, Nlrnbrecht

Cell strainer (100 ym nylon)

BD Biosciences, Franklin Lakes, USA

Chamber slide (8-well)

Thermo Fisher Scientific, Waltham, USA

Chromatography paper

GE Healthcare, Little Chalfont, UK

Cover slip (24 x 50 mm)

Thermo Fisher Scientific, Waltham, USA

Cryo Tube®

Thermo Fisher Scientific, Waltham, USA

Embedding cassette, Rotilabo®

Carl Roth GmbH, Karlsruhe

Insulin syringe (1 ml)

BD Biosciences, Franklin Lakes, USA

Microscope slide, Superfrost® Plus

Thermo Fisher Scientific, Waltham, USA

Microtome blade, R35

Feather, Osaka, Japan

Neubauer chamber

Paul Marienfeld GmbH & Co. KG, Lauda-
Kénigshofen

Nitrocellulose blotting membrane

GE Healthcare, Little Chalfont, UK

Parafilm ‘M’

Bemis, Neenah, USA

PCR reaction tube

Sarstedt, Nirnbrecht

Pipette tips (10 ul, 100 w1, 1000 ul)

STARLAB, Hamburg

Pipette filter tips (10 pl, 100 ul, 1000 ul)

STARLAB, Hamburg

Reaction tubes (1,5 ml, 2 ml)

Sarstedt, Nirnbrecht

Reaction tubes, CELLSTAR® TUBES
(15 ml, 50 ml)

Greiner Bio-One, Kremsmdinster, Austria

Safety IV catheter with injection port, Vasofix®

B. Braun, Melsungen

Scalpel, Feather disposable scalpel

Feather, Osaka, Japan

Serological pipettes, sterile
(5 ml, 10 ml, 25 ml, 50 ml)

Greiner Bio-One, Kremsmunster, Austria

Stericup filter unit (250 ml)

Sarstedt, Nirnbrecht

Syringe, Omnifix®-F (1 ml)

B. Braun, Melsungen

Syringe filcon (30 ym) for FACS analysis

BD Bioscience, Franklin Lakes, USA

Syringe filter, Nalgene 0.2 ym

Thermo Fisher Scientific, Waltham, USA

X-ray film, Amersham Hyperfilm™ ECL

GE Healthcare, Little Chalfont, UK
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3.1.11 Equipment

Table 3.15: Equipment

Equipment

Manufacturer

Biological safety cabinet, HeraSafe™

Thermo Fisher Scientific, Waltham, USA

Centrifuge, 5415R

Eppendorf, Hamburg

Centrifuge, 5424

Eppendorf, Hamburg

Centrifuge, Heraeus Multifuge 3SR+

Thermo Fisher Scientific, Waltham, USA

Dehydration machine, LEICA ASP 2005

Leica, Wetzlar

Gel documentation system, GenoSmart

VWR International GmbH, Darmstadt

Heating block, TS1 ThermoShaker

Biometra GmbH, Géttingen

Incubator, Hera Cell 150

Thermo Fisher Scientific, Waltham, USA

Micro scale

Sartorius AG, Goéttingen

Microscope, Axiovert 40 CFL

Carl Zeiss AG, Oberkochen

Microscope, Imager.M2

Carl Zeiss AG, Oberkochen

Microtome, LEICA-RM2255

Leica, Wetzlar

Paraffin embedding machine, LEICA EG
1160

Leica, Wetzlar

PCR cycler, Doppio VWRI732-1210

VWR International GmbH, Darmstadt

pH meter, peqgMETER 1.14

Peglab Biotechnologie GmbH, Erlangen

Pipetboy acu

Integra Biosciences, Erembodegem,
Belgium

Pipettes
(0,5ul-10 ul, 10 wl - 100 pl, 100 ul - 1000 wl)

Eppendorf, Hamburg

Platform shaker, SHAKER DRS-12

neolLab Migge GmbH, Heidelberg

Real-Time PCR cycler, LightCycler®480

Roche, Basel, Switzerland

Scale, HT-500

A&D Company, Tokyo, Japan

Slide scanner, Aperio ScanScope®

Leica, Wetzlar

Spectrophotometer, Glomax Multi+ Detection
System

Promega, Madison, USA

Spectrophotometer, MULTISKAN EX

Thermo Fisher Scientific, Waltham, USA

Spectrophotometer, NanoDrop 2000

Thermo Fisher Scientific, Waltham, USA

Tissue lyser

Qiagen, Hilden

Ultrasonic processor, UP 100H

Hielscher Ultrasonics GmbH, Teltow

Vortex mixer

neoLab Migge GmbH, Heidelberg

Water bath, AQUALINE AL18

Lauda, Lauda-Kdénigshofen

Western blot chamber, Mini-Protean Tetra
Cell

Bio-Rad, Hercules, USA

X-ray film processor, OPTIMAX

PROTEC GmbH & Co. KG, Oberstenfeld
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3.1.12 Computer applications

Table 3.16: Computer applications

Program Producer

Affymetrix® Expression Console™ Software | Affymetrix, Santa Clara, USA

Axiovision SE64 Rel.4.9 Carl Zeiss AG, Oberkochen
EndNote X7 Thomson Reuters, New York City, USA
FlowingSoftware_2 By Perttu Terho, Turku Centre for

Biotechnology, Finland

GNU image manipulation program 2 (GIMP2) [Open-source

GraphPad Prism 5 GraphPad Software, Inc., La Jolla, USA
ImageJ By Wayne Rasband, NIH, Bethseda, USA
ImageScope Software Leica, Wetzlar

Microsoft Office Microsoft, Redmond, USA

Short time-series expression miner (STEM) [ (Ernst and Bar-Joseph 2006)

3.2 Methods

3.2.1 Cell-biological methods

3.2.1.1 Cell culture conditions

Cell culture medium DMEM high glucose,
1 % Penicillin/Streptomycin (Pen/Strep) (v/v), 10 % FBS (v/v)

All cell culture experiments were performed under sterile conditions in a biological safety
cabinet. Cell lines were cultivated within cell culture medium in a 37 °C incubator, which

maintained a saturated atmosphere with 5 % CO..
3.2.1.2 Passaging of cells

When cells reached a confluence of 70 %, they were passaged. Herein, medium was
aspirated, cells were washed with PBS (1X) and incubated within Trypsin (1X) / PBS (1X)
solution for 15 minutes at 37 °C. Trypsin activity was stopped through the addition of cell
culture medium. The cell suspension was centrifuged (5 min, 215 g, RT) and the cell pellet

was resuspended in fresh culture medium. Cells were splitted in a ratio of 1:20 to 1:100.
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3.2.1.3 Cryopreservation of cells

Freezing medium 80 % FBS (v/v), 20 % DMSO (v/v)

To cryopreserve cells, they were trypsinized, centrifuged (5 min, 215 g, RT) and the pellet
was resuspended in 1 ml cell culture medium and transferred to a cryo tube. Additionally, the
same volume of freezing medium was added dropwise. Cells were stored at -80 °C and for

long-time storage subjected to liquid nitrogen.
3.2.1.4 Revitalization of cells

Cryo tubes with frozen cells were transferred to the 37°C water bath until the freezing
medium was nearly thawed. Then, cell suspension was poured to a new falcon tube and 6 ml
cell culture medium was added dropwise. To get rid of freezing medium ingredients, cells
were pelletized (5 min, 215 g, RT), washed once in PBS (1X) and resuspended in fresh cell

culture medium.
3.2.1.5 MTT cell proliferation assay

MTT cell lysis buffer 10 % SDS (w/v), 0.01 N HCI

The MTT assay is based on the reduction of the yellow 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent to purple formazan by cellular oxidoreductases.
Conversion rate is dependent on the number of viable cells and absorbance can be
determined with a spectrophotometer.

To analyze cell proliferation, 1 000 - 5 000 cells (KC-428, KC-921, KPC-1050) were seeded
in a well of a 96-well plate. Proliferation rates were assessed after 0, 24, 48, 72 and 96
hours. At every time point, MTT reagent (0.5 yg/ul) was added to each single well and
incubated for three hours. Then, cells were lysed through the addition of 100 yl MTT cell lysis
buffer and MTT reduction was measured with a spectrophotometer (560 nm) after 24 hours.
Moreover, MTT assay was used to establish 1Csy values for the inhibitors LY 294002, PD
98059 and PRT4165.

3.2.1.6 Treatment of cells with inhibitors

Acinar suspension cells were treated with 50 yM of PD 98059 and 30 yM of LY 294002.
Inhibitor concentrations used were equal to the ICs, (half of the maximal inhibitory
concentration), established for the cancer cell line KC-921. During treatment cells were
cultured in 2D medium (Table 3.18). After 120 hours, cells were harvested for protein
isolation. Since PD 98059 and LY 294002 are soluble in DMSO, equal amounts of the

solvent were applied to control cells.
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Tumor cell lines KC-921 and KPC-1050 were treated with 70 yM/100 uM of the PRC1
inhibitor PRT4165. Concentrations were established as ICs, values. Here, 200 000 cells were
seeded into the wells of a 6-well plate, cultured in normal cell culture medium and harvested
after 0, 2, 4, 6, 12 and 24 hours of treatment for RNA and protein isolation. Since PRT4165 is

soluble in DMSO, control cells were treated with the equal volume of the solvent.
3.2.1.7 Gene editing in tumor cells by using the CRISPR/Cas9 system

By applying the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-associated protein 9) system, the target gene Ring1b was specifically
knocked out in the cancer cell line KPC-1050.

In general, the system involves the prokaryotic nuclease Cas9, which recognizes so-called
crRNAs, short noncoding CRISPR RNAs, and their complementary regions on the DNA.
Here, the enzyme introduces DNA double strand breaks and DNA is consequently repaired
either through non-homologous end joining (NHEJ) or homology directed repair (HDR) (Ma,
Zhang, and Huang 2014). Naturally occurring NHEJ can cause reading frame mutations at
the target gene loci, but does not offer great efficiency for artificial genome editing. With the
aid of a cleavage site-specific template, repair is mainly committed through the HDR
mechanism and precise mutations can be introduced at the cleaved target side (Ma, Zhang,
and Huang 2014). Additionally, incorporation of selection markers, such as the puromycin
resistance gene, allows a stable selection of positively manipulated cells.

For the transfection of the cancer cell line 1050, 200 000 cells were seeded into wells of a 6-
well plate and cells were kept within antibiotic-free cell culture medium for 24 hours. Next,
2 ug of plasmid DNA were diluted into plasmid transfection medium. For the generation of
Ring1b KO clones, the Ring1b CRISPR/Cas9 KO plasmid was used together with the Ring1b
HDR plasmid. However, for the propagation of control clones, the control CRISPR/Cas9
plasmid in combination with the Ringlb HDR plasmid was applied. In parallel, UltraCruz®
transfection reagent (10 pl per 2 ug of plasmid DNA) was mixed with plasmid transfection
medium. Transfection was performed according to the manufacturer's protocol.

When the cells reached a confluence of 80 %, they were passaged and 5 000 - 10 000 cells
were seeded onto new 10cm dishes. For selection of positively transfected clones,
puromycin (4 yg/ml) was added to the cell culture medium on the next day. Single Ring1b
KO cell clones were picked after one week of selection, whereas control clones were isolated
after 48 hours, because here the puromycin resistance gene was not incorporated into the
host DNA. To confirm biallelic Ring1b knockout, exon sequencing, Western Blot and qRT-
PCR analysis were performed. Possible off-target sites were found using the following

website http.//www.sanger.ac.uk/htgt/wge/find off targets by seq. Expression of off-targets

was verified via qRT-PCR.
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3.2.1.8 Isolation of primary acinar cells for RNA/protein, ChIP and FACS
analysis

Pancreatic acinar cells can be dissociated from the pancreatic extracellular matrix through
collagenase digestion. Moreover, based on their size, acinar cells can be selectively purified
from other cell types, such as fibroblasts or ductal cells, through several centrifugation steps.
Murine pancreata were either eviscerated from mouse embryos at E18.5 or from adult eight-
week-old mice. After removal, pancreatic tissue was immediately placed in 10 ml of ice-cold
PBS (1X).

Pancreatic tissue provided for ChIP analysis was subsequently fixed with paraformaldehyde
(PFA) to avoid isolation-caused changes in the cellular histone profile. For this, pancreatic
tissue was minced into small pieces and incubated in 1 % PFA (v/v) in PBS (1X) for 10 min
on a shaking platform. Then, 125 mM glycine was added for 5 min to quench remaining PFA
and small tissue pieces were washed twice in PBS (1X).

Native or fixed pancreatic tissue pieces were subjected to 5 ml of a collagenase/RPMI
solution (1.5 mg/ml Collagenase VIII, Sigma-Aldrich, St. Louis, USA). Collagenase solution
was injected with an insulin syringe into pancreatic tissue and samples were transferred into
the 37°C incubator. Collagenase digestion times were adapted to the tissue character (see
table 3.17).

Table 3.17: Collagenase VlIl incubation times

Tissue Incubation time at 37 °C
Adult native pancreatic tissue 10 min
Embryonic native pancreatic tissue 5 min
Adult fixed pancreatic tissue 20 min
Embryonic fixed pancreatic tissue 10 min

Afterwards, tissue was washed with 10 ml RPMI containing 5 % FBS (v/v) (washing solution),
centrifuged (5 min, 19 g, RT) and subjected to a second collagenase digestion step. Again,
the enzyme reaction was stopped through the addition of 10 ml washing solution. Then,
digested pancreatic tissue was pressed through a cell strainer (100 ym), causing a physical
separation of the various cell types and the connective tissue. The filtrate was centrifuged
(5 min, 19 g, RT) and due to their big size, acinar cells were pelletized, whereas all other cell
types and cellular debris remained in the supernatant, which was carefully aspirated. Acinar
cells were washed again with 20 ml washing solution and finally centrifuged (5 min, 19 g,
RT). Purity of the isolated cell population was assessed via mRNA expression analysis.
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3.2.1.9 Isolation of primary acinar cells for cultivation in suspension and in 3D

For the cultivation of acinar suspension cells and for setting up 3D cultures, primary acinar
cells were isolated according to a more gentle protocol. Here, native pancreatic bulk tissue
from adult mice was cut into small pieces and digested with Collagenase P (0,5 mg/ml) in
RPMI medium for 15 min at 37 °C. Then, the tissue was washed with 10 ml of washing
solution (section 3.2.1.8), centrifuged (5 min, 19 g, RT), the supernatant was aspirated,
pancreatic tissue pieces were resuspended in 10 ml washing solution and pressed through
the 100 ym nylon cell strainer. Isolated cells were washed twice with the washing solution
and centrifuged (5 min, 19 g, RT). After these purification steps, the obtained acinar cell
pellet was washed with Hank's Balanced Salt Solution (HBSS) (centrifugation 5 min, 54 g,
RT) for another three times. Finally, the pellet was resuspended in 2D culture medium (Table
3.18) and transferred onto a 10 cm culture dish.

3.2.1.10 Establishment of 3D cell cultures

Table 3.18: Formulation of culture media for the establishment of 3D cell cultures

2D culture medium

3D culture medium

Waymouth's MB 752/1 culture medium
10 % FBS (v/v)

1 % Penicillin / Streptomycin (v/v)

0,1 mg/ml Trypsin inhibitor

0,005 mM Dexamethasone

5 mM HEPES

0,13 % NaHCO; (w/v)

Waymouth's MB 752/1 culture medium
20 % FBS (v/v)

2 % Penicillin / Streptomycin (v/v)

0,2 mg/ml Trypsin inhibitor

0,01 mM Dexamethasone

10 mM HEPES

0,26 % NaHCO; (w/v)

Setting up 3D cell cultures is a valuable tool to recapitulate the ADM process in vitro. Herein,

acinar cells were embedded into the extracellular matrix component collagen (Figure 3.1).

2D culture medium

Cellular layer O

Coating layer

@)
OO ToO o CAC s

__— Embedded acinar cells

Figure 3.1: Schematic presentation of an in vitro 3D cell culture system. First,
culture plates were coated with a thin collagen layer. Second, acinar cells were
embedded on top of the coating layer (cellular layer). Finally, 2D culture medium was
added onto the cellular layer to prevent dehydration of the gel.
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For the preparation of 3D cell cultures, purified acinar cells (see chapter 3.2.1.9) were
resuspended in 10 ml of 2D culture medium. Caerulein (0.3 pg/ml) was added to stimulate
the cells and were kept overnight in the cell incubator. On the next day, the wells of a 12-well
plate were coated with 400 ul of the coating (1 mg/ml) layer (Figure 3.1). After incubation for
30 minutes at 37 °C, the first collagen layer was solidified and the cellular collagen layer was
prepared (Figure 3.2). For this, purified acinar cells were washed twice with HBSS and
centrifuged (54 g, 5 min, RT). Cell pellet was resuspended in 3D medium and carefully
added to the already prepared collagen (1.5 mg/ml) - PBS (10X) - NaOH mixture. After the
addition of NaHCOQOg;, the composition was carefully stirred and 1.5 ml were placed on top of
the first collagen layer (Figure 3.1). After solidification at 37 °C for one hour, 1 ml of 2D

culture medium as well as 50 ng/ml TGF-a was added onto the cellular layer.

Preparation of collagen layers

1) Collagen | rat tail

Volume of collagen = (Final volume * final collagen conc.) / initial collagen conc.
2) PBS (10X)

Volume of PBS (10X) = Final volume / 10

3) 1 M NaOH

Volume of NaOH (1 M) = Volume collagen * 0.023

4) 3D medium

Volume 3D medium = Final volume - (volume (collagen + PBS (10X) + NaOH))
5) NaHCO;

Volume NaHCOs; = Final volume 1 / 60

Figure 3.2: Scheme for the preparation of 3D culture collagen layers.

Explants were cultured for six days at 37 °C. To assess the proliferation rate of the cultured
cells, 10uM BrdU was added on the fifth day. If it was intended to perform
immunofluorescence stainings, collagen gels were harvested and incubated in 4 % PFA (v/v)
in PBS (1X) overnight at 4 °C, washed three times in PBS (1X), afterwards stored in 70%
ethanol (v/v), dehydrated and embedded into paraffin.

3.2.1.11 Purification of 3D in vitro cultured cells

For extracting RNA/proteins or performing ChlP analysis from 3D in vitro cultured cells, these
had to be purified from the collagen layer. Therefore, the cellular collagen layers were
subjected to the same volume of collagenase/RPMI (1 mg/ml, Collagenase VIII, Sigma

Aldrich) solution and incubated for 20 min on a shaker at 37 °C until the extracellular matrix
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was degraded. Then, the double volume of RPMI containing 5 % FBS (v/v) was added to
stop the digestion. Cells were centrifuged (215 g, 5 min, 4 °C) and washed again. Finally,

cells were washed once with PBS (1X) and pelletized.
3.2.1.12 Isolation of circulating epithelial cells from blood

To determine the number of epithelial tumor cells, which detach from solid tumors and
intravasate into the peripheral blood circulation, they have to be recovered from blood. A
mouse blood sample was taken from the vena cava and immediately transferred to 100 pl
heparin to inhibit blood coagulation. Afterwards, 8 ml of red blood cell lysis buffer (Sigma-
Aldrich, St. Louis, USA) was added, the tube was inverted several times and incubated at RT
for 10 min. Then, the suspension was mixed with 20 ml PBS (1X) containing 3 % FBS (v/v)
and 3 % Pen/Strep (v/v), centrifuged (5 min, 309 g, RT) and the resulting cell pellet was
further washed twice. Finally, the pellet was resuspended in cell culture medium and
transferred onto wells of a 24-well plate. Medium was changed after three days and cells
were cultivated for six days. To quantify the attached cells, they were fixed in ice-cold
methanol for five minutes, stained with 10 % crystal violet (w/v) in ethanol (absolute) for
20 minutes, washed with ddH,O and visualized under the microscope. Five pictures (10x

magnification) were taken per well.

3.2.2 Molecular-biological methods

3.2.2.1 RNA Isolation

3.2.2.1.1 RNA isolation from cells

RNA from cell lines was isolated with the RNeasy® Plus Mini Kit according to the

manufacturer's protocol.

3.2.2.1.2 RNA isolation from tissue

For RNA extraction from mouse pancreatic tissue, 1 ml TRI-reagent, a metal bead and a
small piece of fresh or frozen tissue were provided and subjected to the tissue lyser (3 min,
50 oscillations/s). Lysed tissue was incubated for 5 min (RT) and mixed gently with 1-Bromo-
3-chloropropane (BCP) for protein/DNA and RNA phase separation. After incubation for
5 min (RT), the sample was centrifuged (12 000 g, 15 min, 4 °C), the upper colorless RNA-
containing phase was withdrawn and mixed with an equal volume of 70 % ethanol (v/v).
Then, the whole sample was transferred to a RNeasy® Spin Column from the RNeasy® Plus
Mini Kit and RNA isolation was carried out according to the manufacturer's protocol. To gain
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a pure RNA fraction, the DNA digestion step (application of DNase, 15 min) was included

and performed according to the manufacturer's instructions.

3.2.2.1.3 Determination of RNA-concentration and -integrity

RNA concentration was quantified with the spectrophotometer NanoDrop 2000. For the
measurement, 1 uyl of RNA was applied and absorption at 260 nm was determined. Samples,
characterized by an absorption ratio Agee/Asg Of 2.1 - 2.0, were regarded as free of solvent
residues, DNA and protein contaminations. To further assess RNA integrity, 1 yg of RNA
was mixed with 4 pyl formamide and loading dye (5X). The sample was incubated at 60 °C for
10 min and then loaded onto a denaturing agarose gel (0.8 %, (w/v)) containing 0.37 %
formaldehyde and 0.005 % ethidium bromide (v/v). Electrophoresis was performed at 150 V
for 40 min. RNA was classified as intact by the presence of the 28S and the 18S rRNA band,

whereas degraded RNA had a smeared appearance.
3.2.2.2 cDNA synthesis

To transcribe RNA into cDNA, the Verso cDNA synthesis Kit was utilized according to the
manufacturer’s protocol. For reverse transcription 1 yg of RNA and random hexamer oligos

were used.
3.2.2.3 DNA isolation from mouse biopsies

STE buffer 50 mM Tris-HCI pH 8, 100 mM NaCl, 1 % SDS (w/v),
1 mM EDTA

To extract DNA from mouse biopsies, samples were subjected to 500 ul of STE (Sodium
chloride - Tris - EDTA) buffer containing 0.5 mg/ml proteinase K. Samples were incubated
overnight at 55 °C for degradation of the extracellular matrix and for cell lysis. Then, DNA
was precipitated through the addition of 400 ul isopropanol (incubation 10 min, RT). DNA
was pelletized (centrifugation 10 min, 13 400 g, RT) and washed twice with 70 % ethanol
(v/v). Finally, DNA was desiccated at 37 °C for 15 min and resuspended in 100 yl ddH,0O.
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3.2.2.4 Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) allows the in vitro amplification of specific DNA regions
and therefore, genotyping of transgenic mice was performed with the help of this method.
Herein, primers for initiation of DNA elongation at selected DNA/gene sites, deoxynucleotide

triphosphates (ANTPs) and DNA polymerase were added to the DNA sample.

Pipetting scheme per 25 pl reaction:

Jumpstart™ REDTaq Ready PCR Reaction Mix (2X) 12.5 ul
ddH.O 10.5 pl
Forward and reverse primer (10 yM) 1 ul
DNA from mouse biopsies 1 pl

25 ul

The PCR reaction was performed in a PCR cycler. Depending on the annealing temperature

of specific primer sets, various PCR programs were set up.

Table 3.19: Genotyping PCR programs

Ste Number of | Temperature Time
P cycles [°C] [sec]
- Initial denaturation 1 94 120
() N
gan?& o Denaturation 94 30
E5 io 'g |Amplification )
-g g lg_ £ [cycles Annealing 40 58 30
ox .2 Elongation 72 60
xs5s 9
S 2% @ |Final elongation 1 72 600
Q
Storage 1 4 0
Initial denaturation 1 94 120
[72]
St_n o Denaturation 94 20
=55 [|Amplification [ 36 60 20
c .S > |[cycles 9
gx e Elongation 72 60
o9
o 2o [Final elongation 1 72 30
Storage 1 4 0
Initial denaturation 1 94 120
(/2]
EE oD Denaturation 94 30
Sg § 8 |Amplfication | Annealing 40 61 30
S% § g cycles _
3] 3"5 c Elongation 72 60
2 S @ |Final elongation 1 72 600
Storage 1 4 0
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3.2.2.4.1 Verification of mycoplasma contamination via PCR

After two passaging rounds, all cell lines were analyzed for contamination with mycoplasma.
For this, cell culture medium was aspirated and subjected to PCR. Use of specific primers

allowed amplification of mycoplasma DNA.

Pipetting scheme per 25 ul reaction:

KAPA2G PCR ReadyMix with dye (2X) 12.5 pl
ddH.O 8.5 ul
Forward and reverse primer 500 (10 yM) 1 ul
Forward and reverse primer 280 (10 yM) 1 ul
Cell culture medium 2 ul

25 yl

Table 3.20: Mycoplasma PCR program

Step Number of Tempoerature Time

cycles [°C] [sec]

Initial denaturation 1 94 120
Denaturation 94 30
Amplification cycles Annealing 35 55 30
Elongation 72 120
Final elongation 1 72 120

Storage 1 4 o0

3.2.2.5 Quantitative real-time RT-PCR (qRT-PCR)

3.2.2.5.1 Gene expression analysis

To quantitatively determine gene transcript levels, qRT-PCR (quantitative real-time reverse
transcription PCR) was performed. In principle, target gene cDNA is amplified via
conventional PCR, but through specific binding of the fluorescent dye SYBR Green to double
stranded DNA, the amount of amplified PCR products can be monitored in real-time.
Quantification is output as the so-called cycle threshold value (C+), which is characterized as
the point in which the fluorescent intensity of the sample outnumbers those of the
background. As an endogenous control, amplification of the housekeeper transcript Ppib
(Peptidyl-prolyl cis-trans isomerase) was included.
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Pipetting scheme per 20 ul reaction:

SYBR Green Mastermix (2X) 10 pl
Primer forward (10 yM) 1 pl
Primer reverse (10 yM) 1 ul
cDNA (20 ng/ul) 2 ul
ddH,O 6 ul

20 ul

Each sample was transferred into a well of a 96-well plate and applied as duplicate. The

PCR reaction was performed in the LightCycler480. Program conditions were chosen as

described in Table 3.21.

Table 3.21: qRT-PCR program

Step Number of Tempoerature Time
cycles [°C] [sec]
Initial denaturation 1 95 300
Denaturation 95 15
Amplification Cycles Annealing 45 55 15
Elongation 72 15
Denaturation 95 1
Melting Curve Hybridization 1 65 20
Melting 5 Acquisitions/sec 98 gﬂqti?g/osuesc
Cooling 1 37 0

For calculating relative expression levels, the 2(-Delta Delta C(T)) method was applied (Livak

and Schmittgen 2001). First, the difference between the Ct value of the sample and the

housekeeper was calculated (see formula 3.1 (1)). Then, Ct values of distinct experimental

groups (e.g. control group versus knockout group) were normalized (see formula 3.1 (2)).

Formula 3.1: Calculation of relative expression levels

| H k Ppi
ACt = CTSampe -Cr ousekeeper (Ppib)

2(-AACT) o (_ACTKnockout group _ AC_I_Control group) (2)

(1)
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3.2.2.5.2 Quantification of immunoprecipitated DNA by qRT-PCR

To quantify immunoprecipitated DNA, originating from ChIP experiments (chapter 3.2.3.1),
2 ul of DNA, were subjected to gRT-PCR analysis (similar pipetting scheme as described in
section 3.2.5.1). Samples were applied as duplicates. The PCR program involved 50
amplifications cycles, whereas the other program settings remained unchanged (program
conditions see paragraph 3.2.5.1).

Here, Ct values were normalized according to the fold enrichment method (Haring et al.
2007). First, the difference between the C; value of the sample and the background (lgG
control sample, see section 4.3.1) was assessed (Formula 3.2 (1)). Then fold enrichment

was calculated ((Formula 3.2 (2)).

Formula 3.2: Calculation of fold enrichment, ChIP analysis

A CT — CTSampIe _ CTBackground (IgG) (1)

Fold enrichment = 2 (-AC1) 2)

3.2.2.6 Agarose gel electrophoresis

TBE buffer (1X) 99 mM Tris-HCI, 89 mM boric acid, 0.03 mM EDTA

PCR products were analyzed by agarose gel electrophoresis. With this method, DNA
fragments can be separated by their length. For this, samples were subjected to an agarose
gel (1% (w/v) in TBE (Tris - Borate - EDTA) (1X)) containing 0.005% (v/v) of the DNA-
intercalator ethidiumbromide. In addition, a DNA standard (100 bp DNA ladder) was
administered to compare the lengths of the separated DNA fragments. For separation, 150 V
was applied for 20 minutes and the separated DNA was visualized under UV light exposure

in a gel documentation station.

3.2.3 Epigenetic methods

3.2.3.1 Chromatin immunoprecipitation (ChlP)

Cell lysis buffer 5 mM PIPES, 85 mM KCI, 0.5 % NP-40 (v/v)

MNase digestion buffer 50 mM Tris-HCI (pH 8.1), 5 mM CaCl,

Nuclei lysis buffer 50 mM Tris-HCI (pH 8.1), 10 mM EDTA, 1 % SDS (w/v)
ChIP dilution buffer 0.01 % SDS (w/v), 1.1 % Triton X-100 (v/v), 1.2 mM

EDTA, 16.7 mM Tris-HCI pH 8.1, 167 mM NaCl
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Low salt wash buffer 0.1 % SDS (w/v), 1 % Triton X-100 (v/v), 2 mM EDTA,
20 mM Tris-HCI (pH 8.1), 150 mM NacCl

High salt wash buffer 0.1 % SDS (w/v), 1 % Triton X-100 (v/v), 2 mM EDTA,
20 mM Tris-HCI (pH 8.1), 500 mM NacCl

Lithiumchloride wash buffer 250 mM LiCl, 1% NP-40 (v/v), 1 % Na-deoxycholate
(w/iv), 1 mM EDTA, 10 mM Tris-HCI (pH 8.1)

TE wash buffer 10 mM Tris-HCI (pH 8.1), 1 mM EDTA

Elution buffer 1 % SDS (w/v), 0.1 M NaHCO;

With the aid of ChIP, interactions of transcription factors with distinct DNA regions or the
occurrence of histone modifications at specific gene loci can be analyzed. First, DNA
associated proteins are crosslinked to DNA. Then, DNA is fragmented and protein-DNA
complexes are immunoprecipitated through the addition of specific antibodies. After reverse
crosslinking and protein degradation, the DNA is purified and subjected to gRT-PCR analysis
or sequencing (Figure 3.3). To perform ChIP, pancreatic bulk tissue, isolated 3D-cultured
cells or adherent tumor cells were fixed with 1 % PFA (v/v) in PBS (1X) for 10 min (RT) on a
shaker. Through the addition of glycine (125 mM) for 5 minutes, excessive PFA was
quenched. Then, the cells were placed on ice and washed twice with PBS (1X). Pancreatic
bulk tissue pieces (embryonic and adult stage) were subjected to collagenase/RPMI solution
and acinar cells were isolated as described in section 3.2.1.8.

fPhan G — e~ o

DNA Immunoprecipitation Reverse crosslinking
fragmentation of target protein and and DNA purification
attached DNA

|

Large-scale identification of Quantification of candidate
DNA via sequencing DNA via qRT-PCR

Figure 3.3: Schematic presentation of the ChIP procedure. Experimental setup
involves crosslinking of protein-DNA complexes, shearing of DNA into smaller fragments,
immunoprecipitation and finally purification, as well as identification and quantification, of
isolated DNA.
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Isolated acinar and 3D-cultured cells were directly resuspended in 1 ml cell lysis buffer
(supplemented with protease and phosphatase inhibitor (1X)) and incubated for 10 minutes
on ice. In contrast, adherent tumor cells were directly scraped from cell culture dishes within
the cell lysis buffer (per analysis 10 cm culture dishes (3x) were used). The hypotonic cell
lysis buffer destroys cell membranes, but leaves cell nuclei intact. Cell nuclei were obtained
through centrifugation (10 min, 200 g, 4 °C) and were resuspended in MNase digestion
buffer. The addition of the randomly cutting endo-exonuclease MNase caused fragmentation
of the DNA to an average fragment size of 200 - 800 bp. The amount of the enzyme and
incubation times were validated and adapted to the different cell types. The MNase enzyme
reaction was stopped through the addition of 50 mM EDTA. After centrifugation (10 min,
200 g, 4 °C), the collected cell nuclei were lysed in 1 ml nuclei lysis buffer (supplemented
with protease inhibitor (1X)) and kept on ice for 10 minutes.

Table 3.22: MNase digestion conditions

. . Amount of enzyme Incubation time, RT
Starting material [U] [min]
Adult & embryonic acinar cells,
3D cultured cells 30 5
Cell lines 428, 921, 1050 100 7

To ensure bursting of the nucleic membranes, the solution was sonicated for five cycles for
30 seconds each. Cellular debris was separated from fragmented DNA through
centrifugation (10 min, 10 000 g, 4 °C) and the supernatant was transferred to a new tube.
Length of the DNA fragments was validated with agarose gel electrophoresis. Depending on
the number of antibodies used, the supernatant was divided into several tubes. Here, 1 % of
the volume was saved as input control. ChIP dilution buffer (up to the volume of 1 ml) and
50 ul protein A agarose beads were added and the samples were incubated on a rotator for
one hour at 4 °C. After this pre-clearing step, the beads were removed through centrifugation
(1 min, 4000g, 4°C), immunoprecipitating antibodies were applied (H3K4me3 4 ug,
H3K27me3 6 pg/10 pg, H2AK119ub 9 ug, control IgG 4 pg) and the samples were incubated
on a rotator overnight at 4 °C. Antibody-protein complexes were isolated through the addition
of protein A agarose beads (60 ul). Protein A selectively binds to the F. fragment of the
antibodies, allowing their isolation. To get rid of unspecific binding, antibody - protein - bead
complexes were consecutively washed with low salt, high salt, LiCl (lithium chloride) and
twice with TE (Tris - EDTA) washing buffers (centrifugation 1 min, 4 000 g, 4 °C). Then,
protein - antibody complexes were eluted from the beads through the addition of
200 pl elution buffer. The input sample was also resuspended in 200 yl elution buffer.

Reverse crosslinking was performed through the addition of NaCl to a final concentration of
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200 mM and incubation at 65 °C overnight. After RNA (addition of RNase A (10 pg), 30 min,
37 °C) and protein degradation (addition of proteinase K (10 pg), EDTA (to a final
concentration of 10 mM), Tris-HCI (to a final concentration of 40 mM), 2 h, 45 °C), the DNA
was purified with the Qiaquick® PCR Purification Kit according to the manufacturer's protocol.

The amount of precipitated and input DNA was quantified via qRT-PCR.
3.2.3.2 DNA methylation analysis

To characterize the DNA methylation status, DNA is treated with sodium bisulfite. This
results in the conversion of an unmethylated cytosine to uracil, whereas a methylated
cytosine residue remains unaffected. The use of different sets of primer pairs, which are able
to distinguish between converted and unconverted cytosines, allows methylation-specific
PCR (MSP) amplification. PCR products can be visualized and quantified by agarose gel
electrophoresis (Figure 3.4).

DNA was isolated with the QIAamp® DNA Mini Kit according to the manufacturer's protocol.
Since cell pellets were used as starting material, proteinase K digestion was performed for
one hour. For bisulfite conversion, the EpiTect® Bisulfite Kit was deployed according to the
manufacturer's protocol and 2 yg of DNA were utilized per reaction. Converted DNA was
amplified in two distinct PCR reactions; using primers against unconverted (methylated (me))
and converted (unmethylated (unme)) DNA (Sharpless et al. 2001). PCR reactions were

prepared as described in section 3.2.2.4.

Methylated gene locus Unmethylated gene locus
ACGTGCGCG ACGTGCGCG

Bisulfite l conversion

® o0

ACGTGCGCG AUGTGUGUG

PCR + Agarose gel electrophoresis

Use of 2 primer sets, recognizing
methylated / unmethlated DNA

Marker Me Unme Marker Me Unme

Figure 3.4: Experimental setup of the bisulfite-dependent DNA methylation
analysis. Bisulfite treatment leads to conversion of an unmethylated cytosine into uracil.
Sequence changes can be analyzed via PCR and agarose gel electrophoresis.
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Specific PCR programs were set up for analyzing DNA methylation at the p16™“* promoter.
As a positive control, DNA was artificially methylated by the CpG methyltransferase M. Sssl
according to the manufacturer's instructions. After methylation, DNA was purified with the

Qiaquick® PCR Purification Kit and subjected to bisulfite conversion and PCR.

Table 3.23: p16’NK4A MSP programs

Ste Number of | Temperature Time
P cycles [°C] [sec]
§ = 5 Initial denaturation 1 94 60
g = gg N— Denaturation 94 30
O - £ § [Amplification :
£ % % 8 |cycles Annealing 40 63 30
§>093 Elongation 72 60
o< 25
s g 3 © [Final elongation 1 72 600
o < Storage 1 4 oo
§ 5 Initial denaturation 1 94 60
©3 "g o Denaturation 94 30
2 S 5 |Amplification a1 caling 40 61 30
S <8 cycles
6 23 Elongation 72 60
o E5
e S® |Final elongation 1 72 600
O o
Q. Storage 1 4 w
3.2.4 Biochemical methods
3.2.4.1 Protein extraction
Cell lysis buffer 50 mM Tris-HCI (pH 8), 2 % SDS (v/v)
Tissue lysis buffer 50 mM Tris-HCI (pH 8), 150 mM NaCl, 2 mM EDTA,

1 % NP-40 (v/v), 0.5 % SDS (v/v),
1 % Na-deoxycholate (w/v), 30 mM NaF,
20 mM NasP.0;, 1 mM NaVO;, 1 mM DTT

Cells from cell lines were resuspended in cell lysis buffer (200 pl) supplemented with
protease and phosphatase inhibitors (1X) and incubated on ice for 10 minutes. Through
centrifugation (10 min, 16 100 g, 4 °C) proteins (supernatant) were separated from cell debris

(pellet).
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To harvest proteins from pancreatic bulk tissue, a small piece was added to tissue lysis
buffer (300 pl) and a small metal bead. Tissue was homogenized in a tissue lyser (3 min, 50
oscillations/s). Afterwards, samples were centrifuged (20 min, 16 100 g, 4 °C) and the

supernatant was transferred into a new tube.
3.2.4.2 Determination of protein concentration

Protein concentrations were determined with the aid of the Pierce BCA (bicinchoninic acid)
Protein Assay Kit. Here, 10 ul of a cell lysate was added to the kit reagent A and reagent B
(ratio 1/50, 200 ul). The mix was prepared in a well of a 96-well plate and incubated for
30 minutes at 37 °C. In dependence of the protein amount, colour of the solution changes to
a purple hue. Absorbance was measured by a spectrophotometer (570 nm). For calculating
the protein concentration, a calibrator row of BSA (0.25 pg/ul, 0.5 pug/ul, 1 ug/ul, 2 ug/ul) was
included. Thus, protein concentrations were calculated according to Formula 3.3.

Formula 3.3: Calculation of protein concentration

y (protein concentration [pg/ul]) = m (gradient) * x (absorbance [nm]) + b (y axis intercept).

3.2.4.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Running buffer (1X) 192 mM glycine, 25 mM Tris, 0.1 % SDS (w/v)

By means of the SDS polyacrylamide gel electrophoresis, proteins can be separated by their
molecular weight.

Table 3.24: SDS-PAGE gel preparation

Separating gel* Stacking gel*
Reagent

7.5 % 10 % 12.5 % 4%
ddH.O 4.9 ml 41 ml 3.2ml 3 ml
Acryllamide-bisacrylamide 25 ml 3.3 ml 4.2 ml 750 4l
solution
1.5 M Tris-HCI pH 8.8 2.6 ml 2.6 ml 2.6 ml -
1 M Tris-HCI pH 6.8 - - - 1.3 ml
SDS, 10 % (w/v) 100 pl 100 pl 100 pl 50 pl
APS, 10 % (w/v) 50 pl 50 pl 50 ul 25 ul
TEMED 15 pl 15 pl 15 pl 10 pl

*The stated amounts were sufficient for the preparation of 2 gels.
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For this, 15 to 20 ug of protein lysates were mixed with protein loading dye (4X) and
denatured at 70 °C (10 min). Then, the protein samples and a standard protein marker were
loaded onto the stacking gel. Depending on the size of the protein to be detected, 12.5 %
separating gels were prepared for proteins < 40 kDa, 10 % for proteins < 70 kDa and 7.5 %
for proteins > 70 kDa. Gel chambers were filled with running buffer (1X) and protein

separation was carried out through the application of an electric field (30 mA).
3.2.4.4 Western blot

Blotting buffer (1X) 192 mM glycine, 25 mM Tris, 10 % methanol (v/v)

PBS-T (1X) PBS (1X), 1 % Tween (v/v)

After separation of the proteins with SDS-PAGE, they were blotted onto a nitrocellulose
membrane. Located on such a membrane, target proteins are fixed and easily detected
through specific antibodies. For blotting, the nitrocellulose membrane was placed on top of
the separation gel. Both sides were embedded with chromatography papers and sponges.
This arrangement was placed into the blotting chamber, containing blotting buffer (1X). The
transfer of proteins was carried out electrophoretically by applying 100 V for 1 hour.

To avoid unspecific antibody binding, the membrane was first blocked within 5% milk
powder (w/v) or 5 % BSA (w/v) in PBS-T (1X) and incubated on a roller (2 h, RT). Then, the
primary antibody was added to the blocking solution (incubation on a roller, overnight, 4 °C).
Unspecifically bound antibody was removed through washing with PBS-T (1X) (3x, 10 min).
Next, the membrane was incubated in presence of a suitable horseradish peroxidase (HRP)-
linked secondary antibody in 1 % milk powder / BSA (w/v) in PBS-T (1X) (1 h, RT). After
three washing steps with PBS-T (10 min, each), immunodetection with the Amersham™
ECL™ Western Blot Detection Kit was carried out. For this, the membrane was incubated in
1 ml of ECL (enhanced chemiluminescence) reagent (reagent A/reagent B in the ratio 1/1)
and chemiluminescence was detected through the application and development of an X-ray

film.

3.2.5 Biophysical methods

3.2.5.1 Fluorescence-activated cell sorting (FACS)

FACS buffer PBS (1X), 1 % FBS (v/v), 2 mM EDTA

FACS analysis is used to divide a heterogeneous cell sample into distinct cell populations.

Separation is based on the cell volume (forward scatter), cell granularity (side scatter) and
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cell fluorescence. Distinct cell populations can be labelled with fluorescent antibodies,
recognizing specific cell surface markers. In principle, cells are exposed to a laser, the
emitted cellular fluorescence is detected and based on different emission spectra the cells
are separated.

To estimate the recombination efficiency of p48°"

mice, the number of tdTomato positive
acinar cells was assessed. Hereby, acinar cells were isolated according to section 3.2.1.8
and stained with 1 % DAPI (v/v). After washing the cells for three times with FACS buffer,
cells were fixed within 1 % PFA (v/v) in PBS (1X) for 10 minutes (on a shaker, RT). Cells
were washed again and subjected to the FACS analysis.

For collecting tdTomato positive cells, designated for ChIP analysis, whole cell populations
were isolated. Here, cell isolation was performed as described in section 3.2.1.7, but
centrifugation steps were performed at 309 g to maintain all cell populations.

FACS analysis as well as cell sorting was performed with the BD FACSAria™ Ill cell sorter.
Adjustment and analysis was performed by Markus Utzt from the deutsche Konsortium fur

translationale Krebsforschung (DKTK) core facility.

3.2.6 Treatment of mice

All mouse experiments were conducted according to standard protocols and authorized by
the government of Bavaria (TVA 55.2-1-54-2532-119-2015).

3.2.6.1 Removal of organs and blood

For organ resection, mice were anesthetized with isoflurane and killed through cervical
dislocation. The pancreas and spleen were eviscerated from all mice. Blood was taken with a
30-gauge needle from the vena cava and plasma was subsequently isolated. For this, blood
was immediately transferred into EDTA-coated tubes, samples were centrifuged (10 min,
3000g, 4°C), supernatant was aspirated and centrifuged for a second time (10 min,
16 000 g, 4 °C). The supernatant (blood plasma) was isolated and stored at -80° C.

For re-genotyping a tail biopsy was taken from each mouse.

3.2.6.2 Tamoxifen administration

For the induction of the p48t""

recombinase, 5.5- to 6-week-old mice were treated with
tamoxifen. Here, 4 mg of tamoxifen was bloated in 200 yl of water (20 mg/ml) and the
suspension was administered per oral gavage. For this, a soft plastic needle was used
(Safety IV catheter). Tamoxifen was commonly given on Mondays, Wednesdays and
Fridays. Continuing experiments were performed one week after the last administration to

ensure tamoxifen wash out.
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3.2.6.3 Caerulein application

To analyze pancreatitis-mediated tissue damage, ADM and tumor formation, eight-week-old
mice obtained eight hourly intraperitoneal (i.p.) injections of caerulein (100 pg/kg body weight
caerulein, dissolved in 0,9 % (w/v) saline) on two consecutive days (induction of an acute
pancreatitis). Control mice received injections of 0,9 % (w/v) saline. Half an hour before the
first and after the last caerulein injection, animals received the analgesic Temgesic
(100 yg/kg body weight Temgesic dissolved 0,9 % NaCl (w/v)) through subcutaneous
administration into the neck. In the further course, pain medication was renewed every
twelve hours and maintained for a total of 72 hours. p48%"", p48"T:R1b" and p48="";R1b""
mice were sacrificed after six, 24 or 48 hours and seven days. In contrast, mice, which

G12D

additionally expressed oncogenic Kras™' <, were sacrificed after 21 days or six months.

3.2.6.4 Orthotopic injection of tumor cells

1x10° pancreatic tumor cells (KPC-1050) were resuspended in 50 ul PBS (1X) and injected
with a 30-gauge needle into the pancreatic tail of WT mice. The operation was executed by
Tao Cheng. Half an hour before the operation and nine hours after the anesthetic induction,
the analgesic Temgesic (100 pyg/kg body weight Temgesic in 50 pl 0,9 % NaCl (w/v)) was
administered. Pain medication was renewed every twelve hours and maintained for a total of

48 hours. Mice were sacrificed after 19 days.

3.2.7 Histological analyses of pancreatic tissue

3.2.7.1 Hematoxylin and eosin stain (H&E stain)

Eosin staining solution: 7.7 mM Eosin Y in 96 % ethanol (v/v),
plus 6 drops of glacial acetic acid

to a final volume of 300 ml

For histological analyses, tissue sections were stained with hematoxylin in combination with
eosin. Hematoxylin stains basophilic structures, such as nuclei, in blue, whereas acidophilic
and eosinophilic cell components, like plasma proteins, collagen or mitochondria are stained
in red through application of eosin. Formalin-fixed, paraffin-embedded sections were
deparaffinized and rehydrated through consecutive incubation in roticlear (3x, 10 min each),
100 % ethanol (v/v) (3x, 2 min each), 96 % ethanol (v/v) (2 min), 70 % ethanol (v/v) (2 min),
50 % ethanol (v/v) (2 min) and ddH.O (2min). Thereafter, sections were colored in
hematoxylin for 30 seconds. Excessive hematoxylin was washed off by incubating the slides
for 10 min under running tap water. This was followed by the eosin staining (5 sec) and a
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short rinsing in ddH,O. Next, tissue sections were dehydrated in 70 % ethanol (v/v) (5 sec),
96% ethanol (v/v) (30 sec), 100 % ethanol (v/v) (3x, 2 min each) and roticlear (3x, 10 min

each). Finally, the slides were mounted with mounting medium.
3.2.7.2 Immunohistochemistry

Citric acid buffer (1X) 20 mM citric acid monohydrate,
pH 6 adjusted with 5 M NaOH

Tissue sections were deparaffinized and rehydrated as described in paragraph 3.2.7.1. Due
to the crosslinking of proteins during PFA fixation, heat mediated antigen retrieval was
performed. For this, slides were placed in a vessel containing sodium citrate buffer (1X) (pH
6.0). The solution was boiled for 10 min in a microwave (600 W). After cooling (30 min, RT),
slides were washed in PBS (1X) (38x, 5 min), subjected to 3 % H,O, (v/v) / PBS (1X) for
10 min to block endogenous peroxidase activity and rinsed in PBS (1X) (3x, 5 min). To
prohibit unspecific antibody binding, sections were commonly blocked in PBS (1X) with 5 %
goat serum (v/v) and 1 % BSA (w/v) (1 h, RT). Then, the primary antibody was applied to the
blocking solution and incubated overnight at 4 °C. Excessive antibody was removed through
washing with PBS (1X) (3x, 5 min), secondary HRP-conjugated antibody was applied in
PBS (1X) with 1 % BSA and incubated for one hour at room temperature. After three more
rinses in PBS (1X), specific protein-antibody binding was visualized through the addition of
the chromogen DAB. Moreover, sections were counterstained with hematoxylin (6 sec),
rinsed in running tap water for five minutes and consecutively dehydrated and mounted as

described in section 3.2.7.1.
3.2.7.3 Immunofluorescence

Sections were subjected to deparaffinization, rehydration and antigen retrieval as described
in section 3.2.7.2. After antigen retrieval, slides were rinsed in ddH,O (3x, 5 min each) and
once in PBS (1X) (5 min). Blocking, primary antibody application was performed as
presented in section 3.2.7.3. Fluorescent-labeled secondary antibodies were diluted in PBS
(1X) and applied for one hour (RT). After washing with PBS (1X), sections were mounted
with DAPI mounting medium.

3.2.7.4 Quantification of IHC stainings

To quantify Ck19 IHC staining intensity and distribution, stained tissue slides were scanned

(40x magnification) with the slide scanner Aperio ScanScope® and positive pixels were
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calculated with the Aperio ImageScope software. Positive pixels were specified in relation to

the tissue size (1/mm?).

3.2.8 Evaluation of mRNA microarray data

3.2.8.1 Pre-processing of the data

mRNA microarray preparation was perfomed at the BMFZ of the Heinrich-Heine-Universitat
Dusseldorf and at the Helmholtz-Zentrum Mdinchen GmbH in Neuherberg. Affymetrix
GeneChip® Mouse Gene 2.0 ST Arrays were used. Data were provided as CEL files.

To analyze mRNA expression profiles of the in vitro carcinogenesis model, data
normalization, background correction and quality control was performed with the Affymetrix®
Expression Console™. PCA analysis was executed in R. Data was also normalized,
corrected, selected (50 % of the genes with the lowest variance were rejected) and
annotated in R by the bioinformatician Dr. Phillip Bruns. All continuing analyses were
conducted with this gene list. Pre-processing of the mRNA microarray data from the
CRISPR/Cas9 experiments was performed by Dr. Ivonne Regel. Generally, values were

output as log, values.
3.2.8.2 Identification of differentially expressed genes

To identify differentially expressed target genes within the in vitro carcinogenesis model, the
mean of the log, values from each sample group was calculated (n=3). Genes, which
showed average log, values >5 in at least one sample group were selected. Next, fold
changes of the sample groups were calculated in proportion to the sample acinar cells for
each gene (Fold change = 2 " (Mean(logz)croup - Mean(l0gz)acinar ceiis))- Additionally, t-test
(unpaired, two-tailed) was calculated. Analyses were performed in Microsoft Excel 2013. For
GO term analysis, genes with a fold change of >2 and P-value < 0.05 were selected. GO
enrichment was conducted with the tool DAVID 6.7 (Database for Annotation, Visualization
and Integrated Discovery) (https://david.ncifcrf.gov/). GO terms with a P-value < 0.05 and at
least five genes were considered. Gene expression changes in all four experimental groups
were visualized with the Short time-series expression miner (STEM) (Ernst and Bar-Joseph
2006). As input, genes with a log, value > 5 in at least one sample group were used. Log fold
changes related to embryonic acinar cells (time point 0) were uploaded to STEM. In STEM,
genes were clustered to expression profiles (Ernst, Nau, and Bar-Joseph 2005) and
associated GO terms were displayed. Gene clusters with a P-value < 0.05 were considered.

Fold changes from single CRISPR/Cas9-mediated Ring1b KO clones were calculated in
relation to the mean (log, values) of the three control clones (Fold change =

2 N (Mean(logz)ringibkocione = Mean(logz)controiciones))- Functional annotation was performed for
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genes, which were up-/down-regulated with a fold change of > 1.5 in at least two Ring1b KO
clones. GO terms and KEGG pathways were generated with DAVID and those with a P-

value < 0.05 and at least five genes were considered.

3.2.9 Statistical analysis

Statistical testing was executed with the GraphPad Prism 5 software and statistical
significance was determined by the performance of a two-tailed t-test. Depending on the

experiments, an unpaired or paired t-test was performed.
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4 Results

4.1 Acinar-to-ductal metaplasia resembles a cellular
dedifferentiation

4.1.1 Establishment of an in vitro carcinogenesis model, reflecting
different stages of PDAC

Several studies indicate that pancreatic carcinogenesis is initiated by a neoplastic
transformation of acinar cells into cells with a ductal phenotype (Strobel et al. 2007, Habbe et
al. 2008, Kopp et al. 2012, Zhu et al. 2007). Moreover, in the process of acinar-to-ductal
metaplasia (ADM) and further pancreatic tumorigenesis, expression of differentiation genes
is repressed and progenitor-like transcriptional programs are reactivated (Jensen et al. 2005,
Prevot et al. 2012, Shroff et al. 2014).

To characterize the transcriptional reprogramming during PDAC development more
precisely, an in vitro cell culture system, mimicking sequential steps of pancreatic
carcinogenesis, was established. This model consisted of adult acinar cells (isolated from
eight-week-old mice), three-dimensionally-cultured ADM (3D-ADM) cells and pancreatic
cancer cell lines (KC-921 and KC-428), originating from p48°*™*;LSL-Kras®'?®"* mice (Figure
4.1A).

To validate, that collagen-embedded acinar cells in 3D culture undergo the process of ADM,
cells were stained for the acinar differentiation marker a-amylase (here always designated as
amylase) (red) and the ductal-specific protein cytokeratin 19 (Ck19) (green). Indeed, as
indicated by the immunofluorescence staining, ADM structures are strongly positive for Ck19,
but not for the acinar cell marker, amylase (Figure 4.1 B). In addition, gRT-PCR analysis
confirms that in comparison to acinar cells, Ck19 is highly and amylase is barely expressed
in 3D-ADM and tumor cells (Figure 4.1 C) (Benitz et al. 2016).
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Figure 4.1: In vitro multi-step pancreatic carcinogenesis model. (A) Representative
images of the in vitro cell culture system, showing freshly isolated acinar cells, 3D-
cultured ADM and adherent cancer cells (cell line KC-921). For the 3D culture, acinar
cells were embedded into collagen, stimulated with TGF-a and cultivated for six days.
Scale bars, 100 yum/200 um. (B) Representative immunofluorescence picture of amylase
(red) and Ck19 (green) of 3D-ADMs. Nuclei were counterstained with DAPI (blue). Scale
bar, 100 pm. (C) mRNA expression levels of amylase and Ck19 in the in vitro
carcinogenesis model were assessed by qRT-PCR. Data were normalized to acinar cells
and are represented as mean + SEM (n=8). * P < 0.05, ** P < 0.01, ** P < 0.001 (two-
tailed, unpaired t-test in relation to acinar cells). Parts from Figure 4.1 C were adapted
and modified from (Benitz et al. 2016).

Next, to validate further changes in cell differentiation, the expression of pancreatic
transcription factors, important in determining acinar cell fate, was analyzed (Figure 4.2).
Here, expression of the embryonic transcription factors, Pdx1, Hes1 and Rbpj was found to
be reactivated in 3D-ADM and cancer cells, whereas these genes are barely expressed in
differentiated acinar cells (Figure 4.2 A) (Benitz et al. 2016).

In contrast, expression of differentiation markers, such as Ptf1a, Mist1 and Rbpjl is restrained
in 3D-ADM and pancreatic tumor cells (Figure 4.2 B). These results suggest, that
fundamental changes in gene expression, affecting cell differentiation, can already be
detected in metaplastic cells and seem to be persistent in pancreatic cancer cells (Benitz et
al. 2016).
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Figure 4.2: Acinar-to-ductal metaplasia and pancreatic carcinogenesis is
accompanied by a down-regulation of acinar-specific differentiation genes and by
an elevated expression of pancreatic progenitor genes. (A, B) mRNA expression
analysis of the in vitro carcinogenesis model was performed by qRT-PCR. Results show
expression levels of selected pancreatic progenitor markers (A) and of acinar
differentiation genes (B). Values were normalized to acinar cells and are represented as
mean + SEM (n=2-4). * P < 0.05, ** P < 0.01, *** P < 0.001 (two-tailed, unpaired ttest in
relation to acinar cells). Figure 4.2 B and parts from Figure 4.2 A were adapted and
modified from (Benitz et al. 2016).

4.1.2 Large-scale identification of differentially expressed genes in the in
vitro PDAC model

Since 3D-cultured ADM cells express embryonic progenitor markers, as well as the ductal-
specific gene Ck19, it has to be clarified if the process of ADM is rather characterized as a
cellular de- or transdifferentiation. Moreover, for the identification of regulators, which could
contribute to the set-up of a progenitor-like expression program in ADM and cancer cells, the
gene expression profiles of mature acinar cells, 3D-ADM and cancer cells (in vitro
carcinogenesis model) were compared to the profile of progenitor acinar cells (E18.5). For
this, mRNA microarray analyses were performed.

4.1.2.1 3D-ADM cells recapitulate a progenitor-like transcriptional program

After normalization of the mRNA microarray data, expression profiles of the four groups were
correlated and visualized within a three-dimensional principle component analysis (PCA)

(Figure 4.3 A). Importantly, the graphic illustrates that the transcriptional program of 3D-ADM
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cells (green) is close to that of embryonic acinar cells (grey) (Figure 4.3 A). Moreover, the
expression profile of differentiated acinar cells (black) shows great variations to that of 3D-
ADM and cancer cells (red) (Figure 4.3 A).

To identify genes, which are differentially expressed in progenitor acinar cells, 3D-ADM and
cancer cells and in comparison to adult acinar cells, fold changes and statistical significances
were calculated. Genes with a fold change of more than 2 and a P-value of less than 0.05,
were considered as statistically significantly up-regulated candidates. Distribution of up-
regulated genes is plotted in Figure 4.3 B, demonstrating that the majority of up-regulated
genes (n=925) can be found in all three conditions.

Next, identified up-regulated candidate genes were functionally annotated through gene
ontology (GO) terms. Here, GO terms for biological processes were considered. Thus, GO
term analysis reveals, that genes which are up-regulated in embryonic acinar and 3D-ADM
cells only, are mostly related to developmental and morphogenesis pathways, making up
26 % and 21 % of all GO terms, respectively (Figure 4.3 C). For instance, up-regulated
expression of Hoxa5 or Gli3, an important downstream effector of the Sonic Hedgehog
pathway, or of Ring1b (synonym Rnf2) was identified. These factors play a pivotal role during
early embryogenesis (Figure 4.3 C) (Jeannotte et al. 1993, Bai, Stephen, and Joyner 2004,
Voncken et al. 2003).

The majority of genes up-regulated in progenitor acinar cells, 3D-ADM and cancer cells are
involved in cell cycle processes (Figure 4.3 D). Amongst others, expression of Cdk1 (cyclin-
dependent kinase 1), a positive regulator of cell cycle transitions was found to be induced.
Interestingly, a GO term for chromatin modification was generated. Thus, mRNA levels of
chromatin modifiers, such as the Polycomb group protein Ezh2 or of the DNA
methyltransferase Dnmt1, are elevated in progenitor acinar cells, 3D-ADM and cancer cells

in comparison to the differentiated acinar cells.

In summary, 3D-ADM cells, originating from differentiated acinar cells, strongly re-express
genes associated with developmental and morphogenesis pathways, which are also
apparent in embryonic acinar cells (E18.5). Genes, which are also increased in cancer cells,
were mainly grouped into cell cycle processes and DNA organization. Here, the term
chromatin modification was found, giving a hint that broad variations in the expression
profiles of the three groups in comparison to acinar cells could be greatly influenced by
changes in the epigenome.
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Figure 4.3: Transcriptional program of 3D-ADM and cancer cells overlaps with that
of embryonic acinar cells. (A) To analyze group variation of embryonic and adult acinar
cells, 3D-ADM and cancer cells, principle component analysis (PCA) of normalized
mRNA microarray data was calculated in R. Each data set is represented as a colored
line (n=3). (B) Pie chart revealing the percentage of genes, which are commonly as well
as differentially up-regulated in embryonic acinar cells, 3D-ADM and cancer cells. For
this, genes with a fold change of > 2 compared to acinar cells and P < 0.05, were
uploaded to Venny2.1. (C,D) GO terms were generated for genes, which are up-
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regulated in embryonic acinar cells and 3D-ADM (C) and commonly elevated in
embryonic acinar cells, 3D-ADM and cancer cells (D). GO terms were generated with
DAVID 6.7. In addition, GO terms were categorized into functional groups and the
percentage distribution is represented in the pie charts (C, D).

4.1.2.2 GO terms associated with cancer cell characteristics, are already

assigned to the expression profile of 3D-ADM cells

Annotation of genes, of which the expression is solely increased in 3D-ADM cells, illustrates
that they mainly concern developmental and morphogenesis pathways (14 % and 9 % of all
GO terms, respectively). In addition, genes regulating cell death and activation of the MAP
kinase cascade, important features of oncogenic cell transformation, were uncovered in
metaplastic 3D-ADM cells (Figure 4.4 A).

A GO terms up-regulated in 3D-ADM cells
GO term P-Value Genes 14%
9%
Negative 1.13E-04 FGFR1, CLN3, PGAP2, ROCK1, 00
regu|ation of cell ERBB3, CLU, SPHK1, BTC, TGFBS3, 510//0
death HSPA1A, ITSN1, YWHAH, PLCG2, 2(;
CHST11, BCL6, MKL1, RASA1, NGF, 20/0
ANGPTL4 °
Positive regulation | 0.002 FGFR1, IGF1R, MYD88, RIPK2,
of MAPKKK EDAZR, IL11, CTNNB1 Development
cascade Morphogenesis
u Cell death
m Regulation of Ras
m MAPKKK signaling
m Tgf-B signaling
m Other
B GO terms up-regulated in 3D-ADM and cancer cells

Regulation of cell
proliferation

0.01

FOSL2, PDGFB, PTGS2, PPARG,
TLR4, PMAIP1, BCL2L1, ITGB1,
TGFB1, STATS, LIF, CD9, KRAS,
MORCS3, SERPINE1, TGFA, TFF1,
ETV4, TES, MAFG, PRKCA, EGFR,
KLF5, KLF10, CD276, SMADS,
CTNNA1, NRAS, CDKN1A, EREG,
LAMAS, BAX, TGIF1, HBEGF, JAK2,
KCTD11

Epithelium
development

0.02

EGFR, BCL10, F11R, PLXNAT,
MAP2K1, PTGS2, HTT, PPARG,
CTNND1, SMAD3, TGFB1, SRC,
SUFU, RDH10, NCOAS3, LAMAS, PPL,
CFL1, TGIF1, AREG, ETV4

5% 129,

8%
8%

Phosphorylation
Development
= Morphogenesis
m Cell death
m Other

Figure 4.4: GO terms up-regulated in 3D-ADM and cancer cells. Genes, which are up-
regulated in comparison to acinar cells (fold change of > 2 and P < 0.05), were
considered for GO term analysis. GO terms for genes solely elevated in 3D-ADM cells (A)
and 3D-ADM and cancer cells (B) were generated with DAVID 6.7. (A, B) Single GO
terms were selected and overall percentage distribution is represented in associated pie

charts.
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GO terms, increased in 3D-ADM and cancer cells, involve amongst others the "regulation of
cell proliferation". Here, the genes Kras, Nras (neuroblastoma RAS viral oncogene homolog)
or Tgf-a were annotated (Figure 4.4 B), which encode cell proliferation-promoting factors.
Furthermore, developmental mediators were assigned as well, constituting 12 % of all GO
terms (Figure 4.4 B). Amongst others, the term "epithelium development" is attributed
(Figure 4.4 B). This reveals, that reactivation of developmental pathways occurs in
metaplastic cells, but also persists in cancer cells. Besides the reactivation of progenitor-like
transcriptional programs, metaplastic cells are already characterized by an activation of
cancer cell characteristics, such as proliferation-promoting pathways. These results suggest

that 3D-ADM cells undergo a process of cellular dedifferentiation.

4.1.2.3 Genes down-regulated in 3D-ADM and cancer cells, mainly concern
acinar differentiation genes

In a further approach, genes, which are down-regulated in embryonic acinar cells, 3D-ADM
and cancer cells in comparison to mature acinar cells, were determined (Figure 4.5 A). Here,
candidate genes were mainly grouped into catabolic, metabolic and biosynthetic processes
(Figure 4.5 B). Expression of characteristic pancreatic enzymes, such as Pnlip (pancreatic
lipase) or Cela1 (chymotrypsin-like elastase family member 1), is decreased in 3D-ADM and
cancer cells (Figure 4.5 C). Since embryonic acinar cells were isolated shortly before birth at
E18.5, expression of these enzymes was probably already activated. Altogether, these
results indicate that 3D-ADM and cancer cells shut down the expression of acinar
differentiation genes.

In general, the mRNA microarray data emphasize that the transcriptional program of 3D-
ADM and cancer cells has similarities to that of progenitor acinar cells. Precisely,
developmental and cell cycle processes are commonly up-regulated, whereas metabolic and
catabolic pathways are decreased in comparison to acinar cells. Then, the question was
addressed as to what kind of mechanisms could be responsible for changing the
transcriptional program of 3D-ADM and cancer cells towards a progenitor-like transcriptome.
One possible answer was found in the microarray data. Here, it was detected that expression
of epigenetic chromatin remodelers is commonly elevated in embryonic acinar cells, 3D-ADM
and cancer cells. Since expression patterns can be rapidly changed through epigenetic
alterations, such as DNA methylation or histone modification, it appeared reasonable to
investigate if the re-activation of epigenetic modifiers could be important for restoring the
expression of progenitor genes and the concomitant down-regulation of acinar differentiation

genes in 3D-ADM and cancer cells.
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Figure 4.5: Down-regulated expression patterns in embryonic acinar cells, 3D-ADM
and cancer cells. (A) Genes from mRNA microarray data, which were expressed to a
lesser extent in embryonic acinar cells, 3D-ADM and cancer cells in comparison to acinar
cells (fold change of < 0.5 and P < 0.05) were inserted into Venny2.1.0 and grouped as
represented in the pie chart. (B) GO terms were generated for genes commonly down-
regulated in embryonic acinar cells, 3D-ADM and cancer cells and percentage distribution
is visualized in the pie charts. (C) Selected GO terms down-regulated in 3D-ADM and
cancer cells. Overall distribution was quantified in percent and is represented in the pie
chart.
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4.1.2.4 Epigenetic remodelers are greatly expressed in 3D-ADM and cancer
cells

In a further approach, expression profiles of chromatin modifiers were visualized with the
short time-series expression miner (STEM) software (Figure 4.6). GO terms associated with
chromatin modification were solely assigned to the temporal courses, delineated in the
Figures 4.6 A, 4.6 B and 4.6 C. The graphics illustrate that the expression of chromatin
remodelers is commonly up-regulated in embryonic acinar cells (first point from the left), 3D-
ADM cells (third point) and cancer cells (fourth point) compared to differentiated acinar cells
(second point) (Figure 4.6 A, 4.6 B, 4.6 C). For instance, the Rnf2 gene, also known as
Ring1b, which encodes a repressive histone modifier, seems to be similarly expressed in
progenitor cells, 3D-ADM and pancreatic tumor cells (Figure 4.6 A), whereas expression of
the DNA methyltransferase Dnmt1 or the histone-acetyltransferase Hat1 is even more
apparent in cancer cells (Figure 4.6 B).

Particularly, expression profiles of chromatin remodelers seem to correlate with those of
transcription factors, such as Rbpj, which is a well-described pancreatic progenitor marker
(Figure 4.6 A). Moreover, inverse correlation between the expression of repressive chromatin
modifiers, such as Ring1b or Dnmt1, and acinar differentiation genes, such as Ptf1a, can be
observed (Figure 4.6 D).
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Figure 4.6: Expression courses of delineated GO terms in the in vitro

carcinogenesis model. To visualize gene expression changes, selected genes from the
mRNA microarray data (genes, with a log, value > 5 in at least one sample group, but
without fold change analysis and statistical significance determination) were uploaded to
STEM. Here, temporal expression profiles were generated and clustered genes were
functionally annotated to GO terms with DAVID. Expression profiles of chromatin
modifiers (A, B, C), transcription factors (A, B) and of acinar differentiation genes (D) are
represented. Datasets are plotted as follows: embryonic acinar cells (first data point),
acinar cells (second data point), 3D-ADM (third data point) and cancer cells (fourth data
point) (from left to right).
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Furthermore, relative expression levels of selected epigenetic remodelers, progenitor and
acinar differentiation genes were visualized within a heatmap (Figure 4.7). The graphic
illustrates that expression of repressive epigenetic remodelers, like Ring1b (Rnf2) or Ezh2, is
elevated in 3D-ADM and cancer cells and correlates with a decrease of acinar-specific

differentiation markers, such as Ptfia and Rbpjl (Figure 4.7).
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Figure 4.7: Heat Map, illustrating expression profiles of candidate genes in the in
vitro carcinogenesis model. Target genes were selected from mRNA microarray data
and relative log, values are represented in a heat map, which was generated in Excel
2007.

4.2 Epigenetic repressors are reactivated in pancreatic

carcinogenesis

The analysis of the mRNA microarray data clearly demonstrates, that epigenetic modifiers,
important for gene repression, such as DNA methyltransferases or the Polycomb group
proteins Ezh2 and Ring1b, are significantly up-regulated in 3D-ADM and pancreatic cancer
cells.

Next, expression of these epigenetic remodelers within the in vitro carcinogenesis model was
validated via qRT-PCR (Figure 4.8 A, Figure 4.9 A).

72



4.2.1 DNA methyltransferases are over-expressed in 3D-ADM and cancer

cells

As indicated by Figure 4.8 A, expression of the maintenance DNA methyltransferase Dnmt1
and the de novo enzyme Dnmt3a, is strongly increased in 3D-ADM and cancer cells. Since
loss of the cell cycle inhibitor P16™*** during PDAC progression is associated with DNA
hyper-methylation (Schutte et al. 1997), it was assessed if DNA methylation of the p16™**
promoter can already occur in metaplastic ADM cells. Here, methylation-specific PCR of

6™"** promoter of 3D-ADM cells is already

bisulfite converted DNA reveals that the p7
methylated (Figure 4.8 B). However, in cancer cells wildtype p76™“* locus cannot be
detected (unconverted p16™%*Y) suggesting that the locus underwent homozygous deletion

(Figure 4.8 B).
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Figure 4.8: Pancreatic carcinogenesis is hallmarked by a reactivation of DNA
methyltransferases. (A) gRT-PCR analysis of DNA methyltransferases Dnmit1 and
Dnmt3a with mRNA from acinar cells, 3D-ADM and cancer cells. Data were normalized to
acinar cells and are represented as mean + SEM (n=2-4). * P< 0.05, *™* P<0.01, *™** P<
0.001 (two-tailed, unpaired t-test, comparison to acinar cells). (B) Methylation-specific
PCR analysis of bisulfite-converted DNA from acinar cells, 3D-ADM and cancer cells. As
positive control, artficially methylated DNA from acinar cells (through use of M.Sssl) was
included. Through the employment of distinct primer pairs (methylated and
unmethylated), methylation status of the p716™“* promoter is predicted. Amplification of
unconverted p16’NK4A promoter was included.
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4.2.2 PcG proteins are reactivated in the sequence of pancreatic

carcinogenesis

Importantly, a previous study implicated that H3K27me3, catalyzed by PRC2, can serve as
mark for the recruitment of DNA methyltransferases in cancer cells (Schlesinger et al. 2007).
This suggests that in the course of cancer development, Polycomb-mediated histone
modifications could bookmark potential genes for persistent gene silencing. To study if PRC-
mediated histone modifications are essential for acinar cell dedifferentiation in pancreatic
carcinogenesis, the in vitro model was analyzed.

In general, Polycomb-mediated gene repression is induced by PRC2-catalyzed trimethylation
of lysine 27 of histone 3 (H3K27me3). This histone modification is recognized by PRC1 and
its catalytic subunit, Ring1b, mono-ubiquitinates lysine 119 of histone H2A (Niessen,
Demmers, and Voncken 2009). Hence, expression of Ezh2, the catalytic subunit of PRC2, as
well as of the PRC1 members Ring1b and Bmi1 was validated by qRT-PCR (Figure 4.9 A).
In accordance to the microarray data, mRNA expression is reactivated in 3D-ADM and
cancer cells. Western blot analyses demonstrate increased amounts of Bmi1 in both 3D-
ADM and cancer cells and a clear enrichment of Ring1b in cancer cells (Figure 4.9 B) (Benitz
et al. 2016).

Levels of H3K27me3, mediated by Ezh2, do not show great variations in the sequence of the
in vitro carcinogenesis model. In contrast, a strong increase of the histone modification
H2AK119ub, catalyzed by Ring1b, can be detected in 3D-ADM (Figure 4.9 B, 4.9 C) and
cancer cells (Figure 4.9 B). This reveals, that PRC1 must already be catalytically active in
metaplastic cells, mediating de novo ubiquitination of histone H2A (Figure 4.9 A, 4.9 B). In
addition, an immunofluorescence staining of 3D-ADM cells visualizes that acinar cells, which
underwent ADM, are positive for H2AK119ub, whereas untransformed cells are largely not
stained (Figure 4.9 C) (Benitz et al. 2016).

Elevated Ring1b expression was previously detected in PDAC or ductal breast carcinoma
(Martinez-Romero et al. 2009, Bosch et al. 2014), but direct target genes have remained
largely elusive. However, few studies indicated that in ES cells, Ring1b helps to repress
genes which favor ES cell differentiation (van der Stoop et al. 2008, Endoh et al. 2008).
Thus, it can be speculated if the indicated epigenetic remodelers are reactivated in ADM and
pancreatic tumor cells (Figure 4.9 A, 4.9 B) to mediate the repression of acinar differentiation

genes and to establish a progenitor-like profile (Benitz et al. 2016).
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Figure 4.9: Expression of Polycomb repressor complex components is reactivated
in 3D-ADM and pancreatic cancer cells. (A) gRT-PCR expression analysis of the
catalytic subunit of PRC2, Ezh2, and the PRC1 components, Bmi1 and Ring1b in acinar
cells, 3D-ADM and cancer cells. mMRNA expression data were normalized to acinar cells
and are represented as mean + SEM (n=4). ** P < 0.01, *** P < 0.001 (two-tailed,
unpaired t-test in relation to acinar cells). (B) Western blot analysis of acinar cell, 3D-
ADM and cancer cell protein lysates with antibodies against Ring1b, Bmi1, H2AK119ub
and H3K27me3. (C) Representative image of immunofluorescence staining for the
histone modification H2AK119ub (green). Nuclei were labeled with DAPI (blue). Scale
bar, 50 um. Figure 4.9 B and parts of Figure 4.9 A and were adapted and modified from
(Benitz et al. 2016).

4.2.3 H2AK119ub is enriched at promoter sites of differentiation genes in

pancreatic cancer cells

To analyze if PRC1 is involved in the transcriptional regulation of acinar cell fate genes
during pancreatic carcinogenesis, presence of H2AK119ub was determined at the promoter
sites of Rbpj, Rbpjl and Ptfla through chromatin immunoprecipitation (ChlP). In addition,
levels of PRC2-induced H3K27me3 and of the activating histone mark H3K4me3 were
determined (Benitz et al. 2016).

In acinar cells, high levels of H3K4me3 can be detected at the promoter sites of the actively
expressed differentiation genes Ptfla and Rbpjl. In contrast, at the Rbpj promoter, the
repressive modification H3K27me3 was found to be slightly enriched. In comparison to
acinar cells, histone profiles of 3D-ADM and cancer cells are greatly distinct. Thus, 3D-ADM
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cells harbor bivalent domains, whereas in pancreatic cancer cells, the presence of the
repressive H3K27me3 is enriched and levels of H3K4me3 are decreased at the acinar cell
fate genes Rbpjl and Ptflia (Figure 4.10 A). This correlates with the expression data
(Figure 4.2 B). Additionally, cancer cells exhibit a slight accumulation of H3K4me3 at the
Rbpj promoter (Figure 4.10 A) supporting the expression analysis, which indicates that the
gene is actively expressed (Figure 4.2) (Benitz et al. 2016).

A great enrichment of the repressive histone mark H2AK119ub is present at the promoter
sites of Rbpjl and Ptf1a in cancer cells, which could ensure persistent gene silencing (Benitz
et al. 2016). However, in 3D-ADM cells only a small accumulation of H2AK119ub is
detectable at the Ptfia promoter. No great variations in H2AK119ub are apparent at the
promoter site of the progenitor marker Rbpj (Figure 4.10 B) (Benitz et al. 2016).
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Figure 4.10: Histone modifications, such as H2AK119ub, are remodeled in
pancreatic carcinogenesis. Chromatin immunoprecipitation (ChIP) analysis of
H3K4me3, H3K27me3 (A) and H2AK119ub (B) at promoter sites of the progenitor marker
Rbpj and the acinar cell fate genes Rbpjl and Ptf1a in acinar cells, 3D-ADM and cancer
cells. Immunoprecipitated DNA was amplified by gqRT-PCR and data were plotted as fold
enrichment over IgG control. Data are represented as mean + SEM (n=2-6). * P < 0.05,
(two-tailed, unpaired ttest to acinar cells). Figures were adapted and modified from
(Benitz et al. 2016).

Overall, these data show that the repressive histone modifications H3K27me3 and
H2AK119ub are strongly enriched at the promoter sites of the differentiation genes Rbpj/ and
Ptf1a in pancreatic cancer cells. This could contribute to a permanent silencing of these

genes (Benitz et al. 2016).
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4.2.4 Expression of Bmil is epigenetically regulated in pancreatic

carcinogenesis

Besides reactivated expression of Ring1b, its co-activator Bmil1 is also increasingly
expressed in 3D-ADM and cancer cells (Figure 4.9 A). To investigate, if this reactivation
could be due to epigenetic changes, levels of H3K4me3, H3K27me3 and H2AK119ub were
assessed at three different Bmi1 promoter sites (P1, P2, P3, from 5'-3'). ChIP analysis
reveals that the Bmi1 promoter of acinar cells harbors higher levels of the repressive histone
mark H3K27me3 than of the activating H3K4me3. In 3D-ADM cells, H3K27me3 is slightly
decreased, whereas a massive loss can be detected in cancer cells. Hence, the activating
histone mark H3K4me3 is dominantly present at the Bmi1 promoter in tumor cells (Figure
4.11 A) (Benitz et al. 2016).
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Figure 4.11: Bmi1 expression in the in vitro carcinogenesis model correlates with
modifications in the histone profile. Chromatin immunoprecipitation analysis,
quantified by qRT-PCR, of H3K4me3, H3K27me3 (A) and H2AK119ub (B) at the Bmi1
promoter in the in vitro carcinogenesis model. Data are displayed as fold enrichment over
the 1gG control and are represented as mean + SEM (n=2-4). * P< 0.05, ** P < 0.01 (two-
tailed, unpaired ttest). Figure was adapted and modified from (Benitz et al. 2016).

Notably, H2AK119ub is accumulated at the Bmi1 promoter in acinar cells, but significantly
lost in 3D-ADM and cancer cells (Figure 4.11 B). Altogether, presence of the indicated
histone modifications perfectly matches the expression patterns (Figure 4.9 A, 4.9 B),
allowing a reactivated expression of Bmi1 in 3D-ADM and tumor cells. Here, the loss of
H2AK119ub in 3D-ADM cells could be responsible for the transient expression of Bmif,
whereas an additional depletion of H3K27me3 could guarantee permanent gene expression

in cancer cells (Benitz et al. 2016).
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4.2.5 Expression of PRC1 components is reactivated in pancreatitis and

PDAC development in vivo

In vitro data indicates that H2AK119ub is enriched in 3D-ADM and cancer cells (Figure
4.9 B). Moreover, a strong accumulation of the repressive histone modification is present at
the promoter sites of the differentiation genes Pitfia and Rbpjl (Figure 4.10 B). Now, to
investigate if PRC1 is implicated in caerulein-mediated pancreatitis and in PDAC

development in vivo, appropriate mouse models were studied (Benitz et al. 2016).

4.2.3.1 Elevated expression of PRC1 members in a setting of inflammatory
acinar-to-ductal metaplasia

In vivo, transient ADM formation occurs in the setting of pancreatitis. Here, damaged acinar
cells undergo dedifferentiation to compensate tissue damage (Jensen et al. 2005).

To identify if PRC1 is reactivated in the context of inflammatory acinar-to-ductal metaplasia,
acute pancreatitis was induced in eight-week-old wildtype mice through the application of the
choleocystokinin-analogue caerulein. Precisely, eight hourly intraperitoneal injections
(100 ug/kg body weight) were administered (Figure 4.12 A). With this model, exocrine cell
damage and acinar cell plasticity can be properly recapitulated. Precisely, during acute
pancreatitis, acinar cells undergo ADM (24 hours to 48 hours after the last treatment) but
regenerate at later time points. To assess if expression of PRC1 components is modulated
during pancreatitis, immunohistochemical staining of Bmi1 and Ring1b as well as of the
histone modification H2AK119ub was performed on tissue of caerulein-treated (in this study
commonly abbreviated as C) wildtype mice, sacrificed after 48 hours and 7 days and on
tissue of NaCl-treated WT mice (control). In control tissue, weak staining of Bmi1 and Ring1b
is solely apparent in centroacinar, ductal and islet cells. However, H2AK119ub is also slightly
stained in single acinar cells. Extensive exocrine tissue damage and ADM is identifiable
48 hours after the last caerulein application. Here, the great majority of ADM cells is positive
for Bmi1, Ring1b and H2AK119ub (Figure 4.12 B). In contrast, in recovered acinar cells,
apparent seven days after the last caerulein injection, expression of Ring1lb and Bmi1 is
greatly diminished, whereas the histone modification H2AK119ub can be detected in few
acinar cells (Figure 4.12 B). These observations, together with the quantification of the
positively stained nuclei (Figure 4.12 C), indicate that expression of Bmi1 and Ring1b, as
well as the presence of H2AK119ub are extensively increased during acute pancreatitis and
can be dominantly found in ADM cells (Figure 4.12 B). During organ recovery, apparent after
seven days after the caerulein administration, Bmi1 and Ring1b as well as H2AK119ub
levels nearly come down to the values of the control tissue (Figure 4.12 B, 4.12 C) (Benitz et
al. 2016).
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Figure 4.12: Levels of Bmi1, Ring1b and H2AK119ub are increased upon caerulein-
induced pancreatitis in wildtype mice. (A) Schematic representation of the caerulein
administration protocol. Wildtype mice received eight hourly injections (i.p.) of caerulein
(100 pg/kg body weight caerulein) on two consecutive days. Mice were sacrificed after
48 hours and 7 days after the last treatment. (B) Immunohistochemistry for Bmi1, Ring1b
and the histone modification H2AK119ub on tissue of WT mice. Representative pictures
show expression patterns in control and caerulein-treated (abbreviated as C) tissue.
Mice, injected with caerulein were sacrificed after 48 hours and 7 days. Scale bars,
100 ym. (C) Quantification of positively stained nuclei per high power field (HPF). Per
animal three pictures were considered. Data are represented as mean + SEM (n=5).
Figures 4.12 B and 4.12 C were adapted and modified from (Benitz et al. 2016).

79



4.2.3.2 PRC1 components are expressed throughout cancer development in a
PDAC mouse model

Since ADM is considered as the first neoplastic cell transformation in the sequence of PDAC
development (Zhu et al. 2007, Kopp et al. 2012), expression of PRC1 was moreover
determined in consecutive cancer development (Figure 4.13).
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Figure 4.13: PRC1 components are over-expressed in pancreatic cancer.

(A) Immunohistochemical analysis of Bmi1, Ring1b and H2AK119ub on pancreatic tissue
of 3-, 10-, and 20-week-old KPC mice (n=5). Tissues represent morphologically normal
tissue, precancerous lesions and PDAC, respectively. High resolution pictures (10-week-
old KPC mice) show positively stained nuclei in ADM lesions. Scale bar, 100 ym. (B)
Quantification of positive cells per high power field. For this, three pictures per animal
were evaluated. Data are represented as mean + SEM (n=5). Figures were adapted and
modified from (Benitz et al. 2016).
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For this, p48°™®*;LSL-Kras®'??*;Trp>¥* (KPC) mice were analyzed, because they develop
PDAC within a short period of time (Hingorani et al. 2005). At the age of three weeks,
pancreatic tissue morphology is similar to that of wildtype mice, but many acinar cells are
already slightly positive for Bmi1, Ring1b and H2AK119ub (Figure 4.13 A). At an age of ten
weeks, the mice have already developed precancerous lesions, such as low-grade PanlINs or
AFLs (Figure 4.13 A). Importantly, the broad majority of these lesions exhibit Bmi1-, Ring1b-
and H2AK119ub-positive nuclei. In contrast, surrounding fibroblasts, stellate or immune cells
are mostly not stained (Figure 4.13 A). PDAC can be detected in 20-week-old KPC mice.
Here, it is evident that tumor cells also greatly express Bmi1 and Ring1lb and that
H2AK119ub is specifically accumulated (Figure 4.13 A). Overall, the quantification of
positively stained nuclei reveals that levels of Bmi1, Ring1b and H2AK119ub are increased
during pancreatic carcinogenesis (Figure 4.13 B) (Benitz et al. 2016).

4.3 Ringlb is required for acinar-to-ductal metaplasia and

pancreatic carcinogenesis

4.3.1 Establishment of a conditional Ring1b knockout mouse model

So far, the generated results indicate that the epigenetic modifier Ring1b is over-expressed
in caerulein-mediated acinar-to-ductal reprogramming during acute pancreatitis and in the
sequence of PDAC development and progression (Figure 4.12, 4.13). To identify whether
Ring1b is critical for the formation of metaplastic, progenitor-like ADM cells and PDAC, a

conditional Ring1b knockout mouse model was established. Herein, Cre®"

expression is
driven by the acinar cell-specific p48 promoter, and translocation of the recombinase into the
nucleus is induced by the administration of tamoxifen at an adult stage (5.5 - 6-week-old
mice).

Since all mice were crossed with a Rosa26-LSL-tdTomato reporter strain, recombination
efficiency can be evaluated through measuring the expression of tdTomato. Thus, pancreata

of mice with a tamoxifen-induced, activated Cref"'

appear bright pink (Figure 4.14 A).
Immunofluorescence staining of tdTomato confirms that the reporter is exclusively expressed
in acinar cells, whereas ductal, centroacinar and immune cells remain unstained (Figure
4.14 B). Moreover, the staining illustrates that recombination must have occurred in the
majority of acinar cells. To assess the recombination rate more precisely, acinar cells were
isolated from 8-week-old wildtype mice and the percentage of tdTomato positive cells was
determined by fluorescence-activated cell sorting (FACS) (Figure 4.14 C). On average, a

recombination rate of ~ 60 % was observed (Figure 4.14 C).
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Figure 4.14: Evaluation of the recombination efficiency in the inducible p48ERT

mouse model. (A) Representative image of pancreata and spleen of wildtype, p48
and p48F":R1b"™ mice. Tamoxifen was administered at an age of ~ 6 weeks. Upon
p48ERT-mediated recombination, the fluorescent reporter tdTomato is expressed. Animals
were sacrificed at an age of 8 weeks. (B) Representative picture of a tdTomato
immunofluorescence staining (red) of pancreatic tissue of an induced p48ERT mouse. Cell
nuclei were counterstained with DAPI. Scale bar, 50 yum. (C) Representative dot blot of
FACS analysis, illustrating tdTomato positive acinar cells (yellow, P5, right dot blot). Gate
was adjusted to unstained control cells (left dot blot, p48="" @ tamoxifen). Analysis was
performed in the DKTK sort facility. The percentage of positive cells was assessed from
p485RT mice (n=5) and mean was calculated.
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As indicated by the H&E staining pancreatic histology is not distinct in p48="", p48="T;R1b"*
and p48¥FT;R1b™ mice (Figure 4.15 A). Moreover, no variations in the pancreas-to-body
weight ratio have been identified (Figure 4.15 B). This met the expectations, because it was
demonstrated that Ring1b is barely expressed in adult differentiated acinar cells (Figure
4.9 A, Figure 4.12 A). Therefore, a knockout of Ring1b under physiological conditions should

have no effect.
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Figure 4.15: Pancreatic morphology is not distinct in p48 %" , p48="";R1b"* and
p48 " ";:R1b™ mice under physiological conditions. (A) H&E staining of pancreata of
8-week-old p485", p48FF":R1b"* and p485"";R1b" mice. Scale bars, 200 ym.

(B) Pancreas-to-body weight ratio of 8-week-old p48="', p48="":R1b"* and p48="";R1b"™"
mice. Data are represented as mean + SEM (n=4-6).
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4.3.2 Ringlb expression is elevated in p4 mice during acute

pancreatitis, supported by the activation of Akt and Erk

Immunohistochemistry of Ring1b and Bmi1 on tissue of caerulein-treated wildtype mice
implicates that their expression is reactivated in the setting of inflammatory ADM formation
(Figure 4.12 B) (Benitz et al. 2016). To investigate the effects of a Ring1b loss, mice were

administered with tamoxifen and caerulein (Figure 4.16).
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Figure 4.16: Administration of tamoxifen and caerulein to the p48 %" mouse model.

At an age of ~ 6 weeks, mice were treated with tamoxifen for three times (every other
day). After one week of tamoxifen wash out, eight hourly injections of caerulein (100
ug/kg body weight) were injected on two consecutive days. Mice were sacrificed after six,
24 and 48 hours or seven days after the last caerulein administration.
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At first, the time point of elevated Ring1b expression was again verified in caerulein-treated
p485FT mice. In accordance with the immunohistochemical stainings of the caerulein-induced
pancreatitis model in wildtype mice (Figure 4.12 B), Western blot analyses of treated p48=""
mice reveal an up-regulation of Ring1b during the acute inflammatory phase (24 h, 48 h) and
a decrease during organ regeneration (7 d). Similarly, H2AK119ub is enriched at 24 and 48
hours (Figure 4.17 A, 4.17 B). This also applies to the levels of H3K4me3 and to a lesser
extent to H3K27me3 (Figure 4.17 A). Remarkably, caerulein-induced pancreatitis is
accompanied by an increased activation of the protein kinase Akt, a downstream effector of
the PI3 kinase, and of the mitogen-activated protein kinase Erk, as determined by the
presence of their phosphorylated forms (Figure 4.17 A, 4.17 C). Besides the assumption, that
activation of the PI3K and the Mek/Erk signaling pathway could promote cell proliferation to

overcome pancreatitis-driven tissue damage, it was speculated if they could induce the
expression of Ring1b.
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Figure 4.17: Ring1b expression and activation of Akt and Erk are increased during
pancreatitis. (A) Western blot analyses of bulk tissue protein lysates from untreated (&
C) and caerulein-treated p48="" (C) mice, which were sacrificed after 24 and 48 hours
and 7 days. Indicated antibodies were used. Immunoblot intensity of Ring1b, H2AK119ub
(B) and p-Akt and p-Erk (C) was quantified with ImageJ and normalized to total Gapdh,
Akt, Erk, respectively. Data are represented as mean + SEM (n=2).

To analyze if reactivation of Ring1b is dependent on the PI3K/Akt or Mek/Erk signaling, the
acinar cell suspension model was taken advantage of. When isolated acinar cells from 8-
week-old mice are kept in suspension for at least 24 hours, they express progenitor-like
expression programs (Pinho et al. 2011). As indicated by Western blot analysis, Ring1b is
reactivated and can be detected in acinar suspension cells, which were cultured for 120
hours. However, upon treatment with LY 294002 or PD 98509, potent inhibitors of the
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PI3K/Akt and the Mek/Erk pathway respectively, protein levels of Ring1b are greatly reduced.
Compared to the controls, levels of H2AK119ub are decreased as well (Figure 4.18 A,
4.18 B).
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Figure 4.18: Inhibition of PI3K/Akt and Mek/Erk signaling results in an impaired
reactivation of Ringlb in acinar suspension cells. Immunoblots with antibodies
against Ring1b, H2AK119ub and the housekeeper H3. Herein, protein lysates from
freshly isolated WT acinar cells and cultured WT acinar suspension cells (120 h) were
applied. Acinar suspension cells were treated with the PI3K inhibitor LY 294002 (30 yM)
(A) and the Mek inhibitor PD 98059 (50 yM) (B). Band intensities were measured with
ImageJ and normalized to total H3. Data are represented as mean + SEM from two
independent experiments (n=2).

These results suggest, that in case of the acinar suspension cell model, a re-expression of
Ring1b relies on the activation status of PI3K and Mek/Erk signaling pathway. However, it
needs to be further elucidated if these pathways directly influence expression or post-

translational stabilization of Ring1b or if the reactivation is caused by any indirect effects.

4.3.3 ADM is impaired in the setting of pancreatitis in Ring1b-deficient
mice

Now, to investigate the role of Ring1b in pancreatitis-driven ADM, tamoxifen-induced p48="",
p485FT:R1b" and p485"T;R1b"" mice were injected with caerulein according to the model
depicted in Figure 4.16. Remarkably, H&E staining shows large variations between the three
groups. In comparison to p485°";:R1b"* and p48¥"";R1b™ mice, more tubular complexes and
immune cell infiltrations are apparent in p485"" animals, 24 hours after the last caerulein
injection (Figure 4.19). 48 hours after the last caerulein administration, p48="" mice have
developed complete ADM structures, surrounded by immune cell infiltrations and edema. In
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striking contrast, pancreatic tissue of p48"";R1b™ mice is partially regenerated with only few
tubular complexes and less inflammation. However, in p48¥F":R1b"* mice, ADM and immune
cells can be identified, but to a smaller extent than in p48%"" animals. At day seven,
p485"T;:R1b" and p48¥F";R1b"" mice have undergone almost complete regeneration,
whereas in the tissue of control mice some small regions with metaplastic cells can still be
detected (Figure 4.19).
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Figure 4.19: Loss of Ringlb leads to reduced ADM formation during acute

pancreatitis. (A) Representative images of H&E staining of caerulein-treated p48="",

p48":R1b"* and p48";R1b"" mice. Mice were sacrificed after 24 (C 24 h) and
48 hours (C 48 h) or seven days (C 7 d) (n=5-6). Scale bars, 200 ym.

Overall, these results suggest, that in p485F";R1b™ mice, the process and persistence of
ADM is impaired during caerulein-induced pancreatitis. Moreover, the appearance of acinar
cell damage, edema and immune cell infiltrations is reduced.

Blood analyses reveal that amylase and lipase activity is similar in caerulein-treated p48=""
and p48%"T;:R1b"™ mice, sacrificed after six hours after the last caerulein administration. This
suggests that caerulein is also effective in Ring1b-depleted mice, leading to stimulation of

acinar cells (Figure 4.20).
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Figure 4.20: Blood amylase and lipase levels do not differ in caerulein-treated
p48%"" and p48%"";R1b™ mice . Blood plasma was analyzed for amylase and lipase
activity from caerulein-treated mice, which were sacrificed six hours after the last
caerulein administration (C 6 h). Data are represented as mean + SEM (n=3-4).

H&E staining clearly demonstrates, that in p48="";R1b"" mice the formation of ADM lesions is
greatly compromised (Figure 4.19). Next, loss of Ringlb was validated by
immunohistochemistry, 48 hours after the last caerulein application. Immunohistochemical
detection of Ring1b indicates that ADM cells and atrophic acinar cells from control mice are
strongly stained. In contrast, in tissue of p485";R1b™ mice most acinar cells have a
morphologically normal appearance and do not express Ring1b. Interestingly, the few ADMs
present in Ring1b knockout mice are also positive for Ring1b (Figure 4.21 A), suggesting that
these cells were not successfully recombined.

Moreover, to verify that Ringlb is essential for ADM, acinar cells from p48"" and
p485"T:R1b™ mice were cultured in the 3D in vitro model. While acinar cells from p48¥"" mice
form massive ductal structures, acinar de-differentiation is largely blocked in Ring1b-deficient
cells (Figure 4.21 B). Overall, it can be concluded that expression of Ring1b seems to be a

prerequisite for ADM formation.
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Figure 4.21: Ring1b is required for acinar-to-ductal metaplasia. (A) Representative
images of Ring1b immunohistochemistry in caerulein-treated p48="', p48"";R1b"* and
p485FT:R1b™ mice (n=3). Mice were sacrificed after 48 hours after the last caerulein
administration. High resolution pictures show ADMs/acini. Scale bars, 100 ym. (B) 3D
culture of isolated acinar cells from p48¥F" and p48"":R1b™ mice (n=3-4).
Representative pictures were taken at day five. Scale bars, 100 ym.

4.3.3.1 Loss of Ring1b in acute pancreatitis impedes the establishment of a

progenitor-like expression profile

From the mRNA microarray analysis, it became evident that ADM cells are characterized by
a reactivation of progenitor like expression patterns (Figure 4.3, 4.4). To assess if the
acquirement of such a profile is compromised in Ring1b-depleted cells, expression of
progenitor and differentiation markers was evaluated in tissue of p48"", p48¥"";R1b"* and
p485FT:R1b™ mice, sacrificed 48 hours after the last caerulein administration. First,
expression of Ring1b was determined by qRT-PCR and Western blot analyses. As expected,
expression of Ring1b and presence of H2AK119ub is diminished in p48¥FT;R1b" and
p485FT:R1b™ mice (Figure 4.22 A, 4.22 B). In contrast, levels of H3K4me3 and H3K27me3
remain nearly unchanged within the three groups (Figure 4.22 B).

Importantly, mRNA expression of the acinar-specific progenitor markers Rbpj and Sox9 is

85RT animals.

significantly decreased in caerulein-treated p48¥°";R1b™ mice compared to p4
Precisely, the expression values of caerulein-injected p48=°";R1b™ mice are similar to those
of NaCl-treated p48="" animals (p48"" @) (Figure 4.22 C). In regard to the expression of

differentiation genes, no great variations can be observed within the three caerulein-treated
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groups. This can be explained by the fact that expression of Rbpjl, Mist1 and Ptf1a is not

repressed at that time point, indicated by the same levels as in the untreated controls (p4

@) (Figure 4.22 D).
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Figure 4.22: Loss of Ring1b constrains the acquirement of a progenitor-like profile
during pancreatitis. (A) mMRNA expression of Ring7b and Bmi1 in bulk tissue of p48="",
p485FT:R1b"* and p48"T;R1b™ mice was validated by qRT-PCR. Mice were sacrificed
after 48 hours after the last caerulein or NaCl (p48ERT @) treatment. Data are represented
as mean + SEM (n=5). * P < 0.05 (two-tailed, unpaired t-test, in relation to p48="" mice).
(B) Protein levels of Ring1b, H2AK119ub, H3K4me3 and H3K27me3 from bulk tissue
lysates of caerulein-treated p48="', p48="":R1b"* and p48="";R1b™ mice (C 48 h) were
determined by Western blot. Gapdh serves as the loading control. (C) gRT-PCR analysis
of indicated progenitor and differentiation genes from bulk tissue of NaCl-treated (p48ERT
@) p48="T and caerulein-injected p48="", p48=FT:R1b"* and p48=F";R1b™ mice (C 48 h).
Data are represented as mean + SEM (n=5). * P < 0.05 (two-tailed, unpaired ttest,
comparison to p48=F" mice).
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In addition, expression of amylase and Ck19 was analyzed at the 48-hour time point. Here,
slightly higher levels of amylase and lower expression of Ck719 can be detected in
p485FT:R1b™ mice. Opposed to the results of the progenitor genes, however, expression

levels are not similar to those of untreated mice (Figure 4.23).
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Figure 4.23: Slight differences in acinar and ductal specific markers. (A) gRT-PCR
analysis to determine mRNA levels of amylase and Ck19 in bulk tissue of NaCl-treated
(p485"" @) p48="T and caerulein-injected p48=""T, p48=FT:R1b"* and p48="":R1b"" mice (C
48 h). Data are represented as mean = SEM (n=5). (B) Western blot analysis of indicated
proteins from bulk tissue of caerulein-treated p48="", p485F":R1b"* and p48";R1b""
mice (C 48 h). As a loading control, Gapdh was used.

In summary, results indicate that in the setting of pancreatitis, transient ADM formation is

impaired in the Ring1b knockout mouse model. Here, expression analyses show that the
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expression of progenitor genes is greatly decreased compared to p4 mice (Figure

4.22 C). However, at the 48-hour time point, no differences in the expression of
differentiation genes, also not in comparison to the untreated controls, are apparent (Figure

4.22 D). According to the study of Kong et al., persistent silencing of differentiation genes

G12D

occurs in the setting of oncogenic Kras” “~-induced carcinogenesis (Kong et al. 2016). Thus

G12D

effects of Ring1b-depletion were analyzed in Kras” “--expressing mice.

4.3.4 Loss of Ringlb attenuates oncogenic Kras®'*’-mediated PDAC

development

To investigate the influence of Ring1b on persistent ADM formation and PDAC development,

12D ERT
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oncogenic Kras was additionally expressed in the previously described p4 mouse

G120 i5 activated in

model. Through the administration of tamoxifen, expression of mutant Kras
acinar cells. However, this set-up fails to induce the formation of pancreatic precursor lesions
in p485"T;K mice (Figure 4.24). These observations are in line with the study of Guerra et al.,
which indicated that adult acinar cells are resistant towards neoplastic transformation by
oncogenic Kras (Guerra et al. 2007). In addition, no morphological differences were

observed in pancreata of p48"";K, p48t"";K;R1b"* and p48t"";K;R1b"" mice (Figure 4.24).
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To induce pancreatic tumor development at an adult stage, oncogenic Kras

Figure 4.24: Oncogenic Kras®'?° expression in an adult stage does not induce the
formation of pancreatic precursor lesions. (A) Representative H&E stainings of
tamoxifen-induced p48="":K, p48"T;K;R1b"* and p48F"";K;R1b™ mice (n=4). Mice were
sacrificed at an age of eight weeks. Scale bars, 200 ym.

612D expression

has to be driven in combination with caerulein-induced tissue damage (Guerra et al. 2007).

Therefore, in this study, tamoxifen was administered to 5.5- to 6-week-old mice and with an

age of 7.5 to 8 weeks, mice were treated with eight hourly injections of caerulein on two
consecutive days (Figure 4.16). p485°";K, p48FRT;K;R1b"* and p485"";K;R1b"" animals were

sacrificed after 21 days and six months.
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Figure 4.25: Loss of Ring1b impairs mutant Kras®'*°-driven development of PDAC
precursor lesions. Representative images of an H&E staining of p485FTiK,
p485FT:K:R1b"* and p485"";K;R1b"™ mice (n=5-6). Tamoxifen was administered at an age
of ~ 6 weeks and caerulein was injected according to Figure 4.16. Mice were sacrificed

after 21 days or six months. Scale bars, 200 ym.

21 days after the last caerulein injection, great histological differences are evident in
p485FT:K compared to p48FFT;K;R1b"™* and p48F T;K;R1b™ mice. p48FT;K mice have
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developed ADM and low-grade PanlIN lesions and exhibit fibrotic areas and immune cell
infiltrations. In contrast, the pancreata of p48=°";K:R1b"" mice barely display any metaplastic
transformations or tissue restructurations. In tissue of p485F":K;R1b"* animals scattered
lesions, surrounded by immune cells can be found (Figure 4.25).

Six months after the caerulein administration, p48ERT;K mice exhibit focal areas with diffuse
low-grade, but also high-grade PanlIN lesions and minor extents of PDAC. Malignant tissue
transformation is also present in p48%°";K;R1b"* animals. Here, foci harboring multiple
PanINs and stromal reaction can be detected. Notably, in p48"";K;R1b™ mice, presence

and malignancy of PDAC precursor lesions is decreased (Figure 4.25).

4.3.4.1 Presence of PDAC precursor lesions is diminished in p48%"";K;R1b""

mice

G20 and Ring1b™ locus succeeded, pancreatic

To validate whether recombination of the Kras
tissue of mice, treated with caerulein and sacrificed after 21 days, was analyzed. Here,
immunohistochemical stainings show that especially ADM and PanIN lesions of p48%°T;K
mice are positive for Ring1b. Single precancerous lesions, occurring in p485F":K;R1b"*
animals are also positively stained for Ring1b, whereas untransformed acinar cells mainly
appear to be negative. This is also the case for the acinar compartment in p48%°";K;R1b"™
mice. However, rare ADMs detected in these mice are mostly positive for Ring1b (Figure
4.26 A). This suggests that single recombination of Kras®'?" but not of the Ring1b locus
could have randomly happened in single cells.

Finally, to verify that Cre-mediated recombination also occurred in p48¥°";K;R1b"* and in
p485FT:K;R1b"" mice, immunofluorescence staining of the reporter tdTomato was performed.
Indeed, in the majority of acinar cells of p48="";K;R1b" and p48"";K;R1b™ mice, tdTomato
can be detected, proving that recombination was successful. Remarkably, metaplastic ductal
lesions of p485"T;K mice express the fluorescent reporter, validating that acinar cells must
give rise to the precancerous ductal structures. As expected, normal ductal epithelium,
immune and mesenchymal cells were not stained (Figure 4.26 B).

Moreover, Ringlb knockdown in p48°T;K;R1b" and knockout in p48%F";K:R1b"™ mice
(C 21 d) was verified by qRT-PCR and Western blot analyses. Compared to p48=°";K mice, a
stepwise decrease of Ringlb mRNA and protein levels are apparent in p485"";K;R1b"* and
in p48"T:K;R1b™ animals (Figure 4.26 C, 4.26 D). Like in the regeneration model, Bmi1
expression is also not induced in Ring1b-deficient mice (Figure 4.26 C). In addition, Western
blots reveals that presence of the histone modification H2AKub119 is greatly, whereas that of
H3K27me3 and H3K4me, is slightly diminished in p48"";K;R1b"* and in p48"";K;R1b""

mice in comparison to the controls (Figure 4.26 D).
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Figure 4.26: Validation of the p48%"";K;R1b™ mouse model. (A) Immunohisto-
chemistry staining of Ring1b in caerulein-treated p48ERT;K, p48ERT;K;F{1bﬂ/+ and
p485FT:K:R1b™ mice, 21 days after the last caerulein application (C 21 d). Scale bars,
100 ym. (B) Representative pictures of tdTomato immunofluorescence staining from
p48 K, p4a8FT:K:R1b"™ and p48 FT;K;R1b™ mice (C 21d). Cell nuclei were
counterstained with DAPI. Scale bars, 100 yum. (C) mRNA expression of Ring1b and
Bmi1 was assessed with gRT-PCR (C 21 d). Data were normalized to p48%"";K mice and
are represented as mean = SEM (n=4). * P < 0.05, ** P < 0.01 (two-tailed, unpaired t-test
in relation to p48¥F":K mice). (D) Immunoblot analysis of bulk tissue protein lysates from
caerulein-treated p48=°":K, p48FFT:K:R1b™ and p48FT:K:R16™ mice (C 21d) with

indicated antibodies. Gapdh was used as loading control.

Immunofluorescence staining of amylase and Ck19 demonstrate that metaplastic lesions,
apparent in caerulein-treated p48="";K mice (C 21 d), greatly express Ck19 and are nearly
negative for amylase, indicating that they have undergone the process of ADM. In contrast,
tissue of p485FT:K;R1b"* and p48¥"";K;R1b"" mice (C 21 d) was barely transformed, marked
by a broad amylase staining (Fig 4.27 A). Additionally, overall amounts of Ck19 were
quantified. For this, whole tissue specimens were subjected to Ck19 immunohistochemistry,

scanned and positive areas were counted with the Aperio ImageScope software. As
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expected, in comparison to Ring1b-deficient mice, p485"";K mice exhibit a higher ratio of
positive pixels per area (Figure 4.27 B).
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Figure 4.27: Number of ADM and PanIN lesions is reduced in Ring1b-deficient
Kras®? mice. (A) Representative immunofluorescence staining of p48= 'K,
p485FT:K:R1b"* and p48="":K;R1b"™" mice, 21 days after the last caerulein application
(n=3). Detection of amylase (red), CK19 (green) and cell nuclei (DAPI, blue). Scale bars,
100 ym. (B) Immunohistochemistry staining of Ck19 was performed on tissue of
caerulein-treated mice (C 21 d). Whole tissue slides were scanned and positive pixels
were counted with the Aperio ImageScope software. Data were calculated as positive
pixels per area [1/mm2] and are shown as mean + SEM (n=4-6). (C) qRT-PCR analysis
reveals mRNA expression of amylase and CK19. mRNA was isolated from pancreatic
bulk tissue from caerulein-treated p48="";K, p485"":K;R1b"* and p48="":K;R1b"™" mice (C
21 d). Data were normalized to p48%"";K mice and are represented as mean + SEM
(n=4). * P<0.05, ** P<0.01 (two-tailed, unpaired t-test in relation to p48="";K mice).

However, limitations of this analysis have to be considered. Since Ck19 is also expressed by
cells from the normal ductal lineage and normal tissue composition is greatly disrupted in
p485FT:K mice, high background staining was detected in p48=;K;R1b"™ and in
p485FT:K;R1b"" mice. Moreover, pancreatic tissue area appeared larger in p48"";K mice due
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to fibrotic tissue reaction and immune cell infiltration. This could also influence the calculated
ratios. In addition, mRNA and protein levels of amylase and Ck19 of pancreatic bulk tissue
were measured with qRT-PCR and Western blot (Fig 4.27 C, 4.27 D). The results support
the histological analyses, suggesting that ADM and formation of precancerous lesions is
greatly impaired in p48"";K;R1b"* and in p48"";K;R1b™ mice.

4.3.4.2 Reactivation of progenitor and repression of differentiation genes is

impaired in p48%"T;K;R1b™" mice

Strikingly, the formation of pancreatic precursor lesions is greatly abrogated in caerulein-
treated p48F":K;R1b"" mice. To assess if this could be due to an impaired establishment of
a progenitor-like expression profile, mMRNA expression of indicated differentiation and
progenitor genes was analyzed (Figure 4.28).
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Figure 4.28: Loss of Ringlb compromises the establishment of a progenitor-like
state and the repression of differentiation genes. qRT-PCR analysis reveals mRNA
expression of pancreatic progenitor genes (A) and differentiation markers, such as Rbpyjl,

Ptfia and Mist? (B). mRNA was extracted from pancreatic tissue of p48% 'K,
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p48="T:K:R1b"* and p48¥F":K;R1b™ mice, sacrificed 21 days after the last caerulein

application. Data were normalized to p48¥°":K mice and are shown as mean + SEM

(n=4). * P<0.05, ** P<0.01 (two-tailed, unpaired t-test in relation to p485"";K mice).

(C) Protein levels of Sox9 in p48 ":K, p48= " :K;:R1b"* and p48="":K;R1b"™ mice were

determined by Western blot. Gapdh was used as a loading control.

Clearly, mRNA expression of the pancreatic progenitor markers, Rbpj, Pdx1 and Sox9 is less
in mice deficient for Ring1b (C 21 d) (Figure 4.28 A). Moreover, protein levels of Sox9 are
greatly diminished in these animals (Figure 4.28 C). In comparison to p485°":K mice,
expression of the differentiation markers, Rbpjl, Mist1 and Ptf1a is higher in p48"";K;R1b™
mice (Figure 4.28 B). To analyze if repression of differentiation genes in p48¥°";K mice is
triggered by H2AK119ub, tdTomato positive cells were sorted out from p48%°":K and
p48FRT:K:R1b"" mice (C 21 d) (Figure 4.29 A) and ChIP analysis against H2AK119ub was
performed. Thus, an enrichment of H2AK119ub can be detected at the promoter site of Rbpj/
in cells of p48¥°";K mice, whereas no accumulation is apparent in p48%°";K;R1b™ mice
(Figure 4.29 B). This suggests, that observed repression of Rbpjl in p48¥F":K mice, could be
indeed triggered by H2AK119ub. On the other hand, this could implicate that upon loss of
Ring1b, H2AK119ub is not enriched and expression of the differentiation marker Rbpjl is
concomitantly not suppressed (Figure 4.28 B). Overall, the results implicate that Ring1b is
crucial for inducing changes in the transcriptome, which themselves are an important

prerequisite for the initiation of PDAC.
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Figure 4.29: H2AK119ub is not enriched at the promoter site of the differentiation
gene Rbpjl in Ringlib-depleted Kras®'?® mice. (A) tdTomato positive (recombined)
cells were sorted out from caerulein-treated p48="":K and p48="":K;R1b"" mice (C 21 d).
Sorted cells were immediately transferred into ChIP lysing buffer and ChIP was
performed (B). ChIP DNA was quantified with qRT-PCR and data are displayed as fold
enrichment over IgG control. Data are represented as mean + SEM (n=2). For every
single analysis three mice were used (C 21 d).

In regard to this, it was found that in comparison to p48¥F";K mice, expression of further

epigenetic remodelers, important in cancer development, such as Dnmt3a or the histone
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demethylase Kdm2b, is not reactivated in Ring1b-deficient mice (C 21 d) (Figure 4.30 A,
4.30 B).
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Figure 4.30: Other epigenetic remodelers are less reactivated in p48%"";K;R1b""
mice. (A) gRT-PCR analysis to detect mMRNA expression of Kdm2b and Dnmit3a in
caerulein-treated p48="" K, p485"T;K;R1b"* and p48="":K;R1b™ mice (C 21 d). mRNA

was isolated from bulk tissue. Data were normalized to p48ERT;K mice and are

represented as mean + SEM (n=4). * P < 0.05, ** P < 0.01 (two-tailed, unpaired ttest in
relation to p48="";K mice). (B) Western blot analysis of Dnmt3a in whole tissue protein
lysates of caerulein-injected p48"":K, p48="":K;R1b"* and p48="";K:R1b"" mice (C 21 d).
As a loading control, Gapdh was used.

In summary, results indicate that Ring1b can be regarded as one key factor for driving the

G12D_

initiation of PDAC. Moreover, loss of Ringlb can overcome oncogenic Kras and

pancreatitis-induced neoplastic cell transformation.

4.4 Crispr/Cas9-mediated depletion of Ringlb in full-blown

pancreatic cancer cells

So far, generated data reveals that re-activation of Ring1b in the setting of pancreatitis and
pancreatic carcinogenesis promotes ADM and the establishment of a progenitor-like
phenoytpe. Immunohistochemistry staining indicate that Ring1b is not only highly expressed
in ADMs and PDAC precursor lesions but also in full-blown tumor cells (Figure 4.9, Figure
4.13). To investigate if the epigenetic remodeler is pivotal for sustaining cancer cells in a
dedifferentiated state, Ring1b was knocked out in an isolated cancer cell line from a
p48°™*: | SL-Kras®'?"*:Trp®®** mouse. For this, the genome editing system, CRISPR/Cas9,
was used. Then, single, positively selected cell clones were picked, cultivated and gene
knockout was confirmed by Western blot analysis (Ringlb KO no 8, no 17, no 35). In
addition, levels of H2AK119ub were found to be reduced in Ring1b-depleted cell lines
(Figure 4.31 A, 4.31 B), whereas those of H3K27me3 seem to be not influenced (Figure
4.31A).
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Figure 4.31: CRISPR/Cas9-mediated knockout of Ring1b in cancer cells. (A) Protein
lysates of Ringlb KO and control clones (KPC-1050 cell line) were analyzed for the
presence of indicated antigens by Western blot analysis. Gapdh was used as internal
loading control. (B) Band intensity of H2AK119ub and Gapdh was determined with
Imaged. H2AK119ub levels were normalized to total Gapdh and are represented as mean
= SEM (n=3).

4.4.1 Large-scale gene expression analysis of Ring1b KO cancer cells

In a further approach, gene expression profiles of Ring1b KO clones and control clones were
determined by mRNA microarray analysis. Genes, which showed a fold change of more than
1.5 in at least two Ring1b KO clones, were selected and functionally annotated through the
generation of GO terms and KEGG pathway analysis. The majority of GO terms with genes
up-regulated in Ring1b KO cells are associated with developmental processes (29 %), such
as epithelium development (Figure 4.32 A). Interestingly, expression of the transcription
factors Kif4 or Prrx1, is elevated in Ring1b KO cells. In the in vitro carcinogenesis model,
high mRNA levels of Kif4 and Prrx1 were detected in 3D-ADM, but not in cancer cells (Figure
4.3). Together with this observation and the increased expression of genes related to the
epithelial cell lineage, data may indicate that Ring1b KO cells have a higher differentiation
status. Moreover, amongst others, the GO term 'positive regulation of cell differentiation' was
generated (Figure 4.32 A).

GO terms, assigned from genes down-regulated upon Ring1b knockout, are mainly linked to
DNA organization (26 %) (Figure 4.32 B). Remarkably, a broad range of genes encode for
histone proteins. Fifteen percent of GO terms, down-regulated in Ring1b KO cells are related
to immune response (Figure 4.32 B). For instance, expression of the chemokines Cxcl5 (C-

X-C motif chemokine ligand 5) or Cxcl3 was found to be decreased.
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Figure 4.32: Functional annotation of genes, which are differentially expressed in
Ring1b KO cells. (A) GO terms were generated for genes up-regulated (fold change of >
1.5) in Ring1b KO cells (3 different cell clones) in comparison to control cells (3 different
cell clones) with DAVID 6.7. Percentage distribution of GO terms is visualized in the pie
chart. (B) Selected GO terms down-regulated in Ring1b KO cells (fold change of > 1.5).
Overall distribution was quantified in percent and is represented in the pie chart.

4.4.2 Ring1b supports chemoresistance of pancreatic cancer cells

Importantly, the KEGG pathways "metabolism of xenobiotics by cytochrome P450", "drug
metabolism" or "glutathione metabolism" were annotated for genes, down-regulated in
Ring1lb KO cells. Here, the genes Gstt1 (Glutathione S-transferase theta 1) and Gsta4
(Glutathione S-transferase alpha 4) were assigned (Figure 4.33 A). Bai et al. previously
Gstt1

chemoresistance to gemcitabine (Bai, Sata, and Nagai 2007). Therefore, sensitivity of

published that expression of in pancreatic cancer cells correlates a with
Ring1b KO and control clones to gemcitabine was assessed using the MTT assay. As
indicated by Figure 4.33 B, Ringlb KO cells are more sensitive towards gemcitabine,
suggesting that Ring1b influences chemoresistance in pancreatic cancer cells (data were

kindly provided by Sabrina Deubler) (Deubler 2016).
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Figure 4.33: Ring1b contributes to the chemoresistance of pancreatic cancer cells.
(A) Identified KEGG pathways of genes, down-regulated in Ringlb KO cells. (B)
Sensitivity of control and Ring1b KO cell clones (n=3) to gemcitabine was determined
with the MTT assay. For this, equal amount of cells were seeded and treated with 10, 50
and 100 nM of gemcitabine. MTT reagent was added after 72 hours. Experiments were
performed and data were kindly provided by Sabrina Deubler. Data are represented as
mean + SEM (n=9). ** P < 0.01, ™* P < 0.001 (two-tailed, unpaired ttest in relation to
control clones).

4.4.3 Analysis of the tumor initiation capacity of Ring1lb KO clones in

vivo

To assess the tumor initiation capacity and growth of Ring1b KO cells in vivo, cells were

orthotopically transplanted into the pancreata of WT mice. Transplantation of Ringlb KO

cells leads to the formation of small tumors. Hence, slight differences are evident in the

pancreas to body weight ratio (Figure 4.34 A). As an indicator of cancer cell metastasis,

circulating epithelial cells were isolated from the blood and cultivated in vitro for six days.

Representative images demonstrate that from mice, which received Ring1b KO cells, nearly

no epithelial cells attached and grew in vitro (Figure 4.34 B).
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Figure 4.34: Ringlb KO cells initiate slightly smaller tumors. (A) Pancreas to body
weight ratio was calculated for WT mice, which received orthotopic injection of Ring1b KO
or control cells, respectively. Mice were sacrificed after 19 days. (B) Circulating epithelial
cells were isolated from the blood of operated mice and cultivated for six days in vitro.
Scale bars, 200 ym.
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In summary, when Ringlb was knocked out in full-blown tumor cells, cancer cell
dedifferentiation may be impaired. Moreover, tumorigenic characteristics, such as

chemotherapeutic resistance or tumor initiation are slightly diminished in Ring1b KO cells.
4.5 PRC1 as a druggable target

Analysis of Ring1b knockout mice in the setting of pancreatitis and tumor development
demonstrated that the epigenetic remodeler is crucial for the initiation of neoplastic tissue
transformation and PDAC development. Moreover, when Ring1b was depleted in tumor cells,
cells turned out to be more sensitive towards gemcitabine. Thus, Ring1b could be suited as a
potential therapeutic target for PDAC. Fortunately, the compound 2-pyridine-3-yl-methylene-
indan-1,3-dione (PRT4165) was previously identified as a potent inhibitor of PRC1 and of
Ring1b mediated histone ubiquitination (Alchanati et al. 2009, Ismail et al. 2013).

4.5.1 PRT4165-mediated inhibition of PRC1 causes impaired ADM

formation in vitro

To investigate if application of PRT4165 could impede ADM formation in vitro, collagen-
embedded acinar cells were treated with the PRC1 inhibitor. Treatment was started on the
first day of the 3D culture and was maintained until the last day. As illustrated by the
immunofluorescence staining, ADM formation is not completely blocked upon treatment
(Figure 4.35 A). However, the size of ADMs is significantly diminished (Figure 4.35 A,
4.35 E). Moreover, less nuclei positive for H2AK119ub (red) and especially for BrdU were
detected in treated cultures (Figure 4.35 A, 4.35 C, 4.35 D). Interestingly, in control ADM
cells, 80 % of cells which are positive for BrdU, are also co-stained for H2AK119ub (Figure
4.35B). This suggests, that presence of H2AK119ub could positively influence the
proliferative capacity of ADM cells.
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Figure 4.35: Application of the PRC1 inhibitor PRT4165 impairs ADM formation in
vitro. (A) Representative images of immunofluorescence co-staining of H2AKub119 (red)
and BrdU (green) of control and PRT4165 (100 yM) treated 3D-ADMs. Nuclei are stained
with DAPI. Scale bar, 100 um. To quantify the staining, five representative pictures were
taken per sample and evaluated. (B) Quantification of BrdU positive cells and correlation
to H2AK119ub status of control 3D-ADMs, as well as the assessment of BrdU (C) and
H2AK119ub (D) positive cells in control 3D-ADMs compared to PRT4165 treated
cultures. Data are represented as mean + SEM (n=3). * P < 0.05, ** P < 0.01 (two-tailed,
paired t-test). (E) Size of control and treated 3D-ADMs was determined by measuring the
area with the Imaged software. For this, five representative pictures of H&E staining were
analyzed per sample. Data are represented as mean = SEM (n=3). * P < 0.05 (two-tailed,
paired t-test).

4.5.2 Short-term inhibition of PRC1 in cancer cells causes changes in

gene expression

In a further approach, cancer cells were treated with PRT4165 to assess if this could lead to
changes in the expression of acinar differentiation and progenitor markers. First, to identify
the most appropriate treatment period, cells were lysed after different time points and the
amount of H2AK119ub was assessed via Western blot. After six hours of treatment,
H2AK119ub levels were found to be greatly reduced, identifying the most efficient time point
(Figure 4.36 A).

Thus, PRT4165 was applied to KC as well as KPC cells (data not shown) for six hours and
mRNA expression of differentiation and progenitor genes was measured. In comparison to
control cells, treatment leads to an increased expression of the acinar-specific enzymes,
such as amylase or elastase1 or the differentiation marker Mist1 (Figure 4.36 B). Here, only

differentiation genes showing stable C; expression values were considered. On the other
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hand, expression of the progenitor genes, Rbpj, Pdx1 and Hes1 is decreased upon treatment
(Figure 4.36 C).
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Figure 4.36: Treatment of pancreatic cancer cells with PRT4165 leads to transient
changes in gene expression. (A) Immunoblots of H2AK119ub and the housekeeper a-
Tubulin of protein lysates from cancer cells (KC-921). Cells were treated with 100 yM of
PRT4165 and lysed at indicated time points. (B, C) gRT-PCR analysis of selected acinar
differentiation (B) and progenitor genes (C) in control (DMSO) and PRT4165 (100 yM)
treated KC cells. mRNA was isolated after 6 hours. Data were normalized to control
group and are represented as mean + SEM (n=4). * P < 0.05, *™* P<0.01 (two-tailed,
paired t-test in relation to control groups).

In summary, inhibition of PRC1 with the chemical compound PRT4165 causes reduced ADM
formation and to a slight reactivation of acinar differentiation genes in vitro. In the future,
PDAC mouse models will be treated with the inhibitor to assess if inhibition of Ring1b has to
the potential to decrease PDAC development in vivo. However, in vitro data indicate that

inhibition of PRC1 could be beneficial for treating pancreatic cancer.
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5 Discussion

By 2030, it is predicted that pancreatic cancer will be the second leading cause of cancer-
related deaths in the US (Rahib et al. 2014). Thus, a great effort has to be made to improve
diagnostic and therapeutic opportunities, as well as the research to define tumor-initiating
events, risk factors and key drivers of pancreatic cancer.

The most prevalent malignancy of the exocrine pancreatic tissue is the pancreatic ductal
adenocarcinoma (PDAC) (Becker et al. 2014). Previous studies suggest that initiation of
PDAC is caused by a reprogramming of digestive enzyme-producing acinar cells into cells
with a duct-like phenotype (Kopp et al. 2012, Strobel et al. 2007, Guerra et al. 2007),
demonstrating the immense cellular plasticity of acinar cells. The process of acinar-to-ductal
metaplasia (ADM) is believed to be an important prerequisite for the formation of pancreatic
precursor lesions, such as pancreatic intraepithelial neoplasia, and PDAC (Guerra et al.
2007, Zhu et al. 2007). Amongst others, ADM occurs in the setting of pancreatitis, a major
risk factor for PDAC (Lowenfels et al. 1993). Acinar-to-ductal reprogramming is accompanied
by a reactivation of progenitor genes, and a concomitant down-regulation of acinar specific
differentiation genes, such as amylase (Jensen et al. 2005). In the setting of inflammatory
ADM, ADM and transcriptional changes are transiently induced (Jensen et al. 2005).
Moreover, ADM can be stably generated upon oncogenic Kras expression in embryonic
acinar cells or in combination with pancreatitis in adult acinar cells in mice (Guerra et al.
2007). Actually, activating genetic alterations of the Kras gene were identified as the main
drivers for pancreatic carcinogenesis (Hingorani et al. 2003, Collins et al. 2012). Importantly,
when oncogenic Kras is expressed in metaplastic cells, the process of ADM is not reversible
and transcriptional changes are persistent (Guerra et al. 2007, Kopp et al. 2012). As a result,
PDAC development is manifested. In pancreatic cancer, expression of progenitor genes,
such as of SOX9 (Shroff et al. 2014), and repression of acinar differentiation genes is
maintained (Johnson et al. 2012, Torres et al. 2013). Since the initiation and progression of
PDAC is characterized by broad changes in gene expression and the acquirement of
progenitor-like transcriptional programs, the presented project investigates if in addition to
genetic alterations, also epigenetic remodeling could contribute to the neoplastic
reprogramming of acinar cells. Indeed, epigenetic silencing of the tumor suppressor gene
P16 through DNA methylation was already described in 1997 (Schutte et al. 1997), but until
now, very few studies identifying an epigenetic deregulation in pancreatic cancer, have been

published.
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5.1 Characterization of transcriptional changes in pancreatic
carcinogenesis

PDAC precursor lesions and ADM are hallmarked by their duct-like morphological
appearance (Hruban, Maitra, and Goggins 2008, Means et al. 2005) and the concomitant
expression of progenitor-like transcriptional programs (Kopp et al. 2012, Prevot et al. 2012,
Jensen et al. 2005), which is also apparent in cancer cells (Shroff et al. 2014). In the
literature, the first metaplastic event in the sequence of pancreatic carcinogenesis, ADM, has
been defined either as cellular dedifferentiation (Jensen et al. 2005) or transdifferentiation
(Means et al. 2005, Houbracken et al. 2011). Until now, the overall expression profile of ADM
cells has not been characterized, thus, not completely ruling out that acinar cells undergo the
one or the other process. Analyzing a multi-step in vitro PDAC carcinogenesis model,
consisting of homogenous cell fractions of differentiated adult acinar cells, acinar-to-ductal

metaplasia (3D culture) and cancer cells (isolated from a p48Cre;LSL-Kras®'?®

mouse)
reveals that expression of progenitor genes is reactivated in cancer cells, as well as in 3D-
ADM cells. Concomitantly, expression of the acinar cell fate genes Ptf1a, Mist1 and Rbpjl is
repressed (Benitz et al. 2016). These results suggest that the acquisition of a progenitor-like
expression program is already induced in ADM cells and maintained in pancreatic cancer
cells. Hence, to identify if pancreatic cancer initiation is recapitulated by a reprogramming of
acinar cells towards a progenitor-like state, mRNA microarray analysis of the in vitro model
and of acinar progenitor cells (E18.5) was carried out. In regard to cellular heterogeneity of
tissue samples (Kong et al. 2016), the analysis of the in vitro model allows the establishment
of pure expression profiles.

Principle component analysis and annotation of differentially expressed genes demonstrates
that the transcriptional program of embryonic acinar cells has great similarities to that of 3D-
ADM cells. Here, the majority of up-regulated genes was grouped into GO terms associated
with development and morphogenesis (47 %). For instance, expression of Kif4, a
transcription factor crucial for ES cell pluripotency and terminal cell differentiation (Zhang et
al. 2010, Katz et al. 2002), was found to be up-regulated. A recent study highlighted that
over-expression of KIf4 induces the expression of Ck19 and thereby favors ADM and
Kras®'?°-dependent tumor formation (Wei et al. 2016). Moreover, expression of Gli3, an
important effector of the Sonic hedgehog signaling pathway mediating embryonic
organogenesis and pattern formation (Coy et al. 2011), is reactivated in 3D-ADM cells. In
addition, expression of Hoxa5 is elevated. Amongst others, Hoxa5 is crucial for the
development of axial structures (Jeannotte et al. 1993). This proposes, that 3D-ADM cells do
not only reactivate transcription factors influencing acinar cell fate, but also those, which

mediate early embryonic morphogenesis .

105



GO terms, solely up-regulated in 3D-ADM cells, are amongst others linked with
developmental processes, such as gland and epithelium development, cell death and
regulation of the MAP kinase signaling pathway. Interestingly, GO terms associated with the
"negative regulation of cell death" were generated, claiming that overcoming cell death
mechanisms could be regarded as an early event in PDAC development (Esposito et al.
2007). In accordance, up-regulation of anti-apoptotic genes in 3D-ADM cells has been
previously described and is associated with stimulated NF-kB signaling (Liou et al. 2013).
Positive regulation and stimulation of the Raf/Mek/Erk pathway is crucial for ADM formation
(Shi et al. 2013). In this study, activation of the pathway was probably caused by the addition
of TGF-a to the embedded wildtype acinar cells, which is indispensable for proper ADM
formation (Shi et al. 2013). Interestingly, GO terms associated with phosphorylation are
concomitantly elevated in 3D-ADM and cancer cells. Here, the MAP kinases Mapk3 (Erk1)
and Mapk8 (Jnk1), as well as the Egf receptor were assigned. Moreover, the GO term
"epidermal growth factor receptor signaling pathway" was annotated for genes up-regulated
in 3D-ADM and cancer cells. Over-expression of Egfr was also identified in ADM and PanIN

G120 mice in vivo. Moreover, collagen-embedded Kras®'?P;Egfr® acinar

lesions of p48;Kras
cells do not undergo complete ADM (Ardito et al. 2012), highlighting the importance of Egfr
signaling for pancreatic carcinogenesis. Interestingly, further similarities regarding over-
expressed genes in 3D-ADM and cancer cells are amongst others related to the GO terms

'cell migration', 'cell motility' or 'blood vessel morphogenesis'.

Overall, genes up-regulated in 3D-ADMs were mostly assigned to embryonic development,
morphogenesis, cell cycle progression, DNA organization and cell death. Since no GO terms
were found, which are related to ductal cells, it has to be assumed that acinar cells do not
trans-differentiate into the ductal cell lineage during ADM. On the one hand, qRT-PCR
analysis show an elevated expression of progenitor markers, such as Pdx1, Rbpj or Hes1.
On the other hand, expression of the ductal marker Ck19 is highly increased in the ADM
cells. Since transdifferentiation is defined as direct conversion of one cell lineage into another
without the acquisition of an intermediate pluripotent state (Graf and Enver 2009), acinar-to-
ductal metaplasia has to rather be regarded as cellular dedifferentiation into a progenitor-like
cell with a duct-like appearance.

Remarkably, it was previously shown that embryonic acinar and ADM cells, but not adult
acinar cells, are receptive to oncogenic Kras®'?®® transformation (Guerra et al. 2007). Thus, in
the presented project it has been hypothesized that the existence of a progenitor-like
transcriptome, a common factor between embryonic acinar and ADM cells, could be an
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important prerequisite for oncogenic Kras-induced cellular transformation and pancreatic

carcinogenesis.

Genes, solely up-regulated in pancreatic cancer cells (data not shown), were annotated to
RNA processing (21 %), cell cycle processes (16 %) and DNA repair (3 %). Recently, over-
expression of RNA processing and splicing components was detected in poorly differentiated
NSCLC (non-small cell lung cancer) cells, associated with alternative splicing events favoring
tumor progression (Geles et al. 2016). For instance, the genes Dkc1 and Npm1 (Geles et al.
2016) were also found to be increasingly expressed in pancreatic cancer cells, delineating a

further possible mechanism for promoting PDAC.

Importantly, besides the reactivation of progenitor-like and cancer cell-specific genes,
pancreatic carcinogenesis is accompanied by a down-regulation of acinar differentiation
genes (Benitz et al. 2016, Krah et al. 2015). Here, GO terms associated with acinar
enzymes, metabolic and catabolic processes were annotated. Moreover, expression of Ptf1a
and Rbpjl, essential transcription factors for acinar cell maturation (Beres et al. 2006), is
decreased in 3D-ADM and cancer cells (Benitz et al. 2016). Until now, responsible
mechanisms for acinar reprogramming have remained largely elusive. Krah et al. revealed
that the loss of the acinar cell fate determinant Ptfia in an adult stage induces acinar-to-

ductal metaplasia and potentiates Kras®'?°

-mediated carcinogenesis (Krah et al. 2015).
Moreover, Kras®'?°-dependent pancreatic tumor formation is accelerated in mice deficient for
Mist1 (Shi et al. 2009). Thus, these studies demonstrate that the silencing of acinar cell fate
genes promotes ADM and PDAC carcinogenesis. However, the mechanisms causing gene

repression have not been unveiled.

5.2 Silencing of acinar differentiation genes in the sequence of
pancreatic carcinogenesis is supported by epigenetic mechanisms

As indicated by the mRNA microarray data, expression of chromatin modifiers is elevated in
acinar progenitor, 3D-ADM and cancer cells. Here, DNA methyltransferases, histone
deacetylases and the catalytic subunits of the Polycomb repressive complexes (PRCs), all of
them causing transcriptional repression, were annotated. For instance, in ES cells, PRCs are
associated with ES cell self-renewal and pluripotency through the repression of genes, which
are responsible for cell-fate commitment and differentiation (Lee et al. 2006, Boyer et al.
2006, van der Stoop et al. 2008). Moreover, Xie et al. demonstrated that pancreatic
endocrine cell differentiation is driven by a dynamic and temporal remodeling of H3K27me3
levels at cell-fate determining genes (Xie et al. 2013). Since reactivated expression of

Polycomb repressor complexes in 3D-ADM and cancer cells correlates with a repressed
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expression of acinar cell fate genes, it was speculated whether acinar gene silencing is

introduced through epigenetic mechanisms (Benitz et al. 2016).

In this project, increased expression levels of Ezh2, the catalytic subunit of PRC2, as well as
of the PRC1 components Ring1b and Bmi1, were detected in 3D-ADM and cancer cells of
the in vitro model. Moreover, H2AK119ub, the histone modification catalyzed by PRC1, is
greatly enriched (Benitz et al. 2016). These results are in line with previous studies, which
showed that Ring1b, H2AK119ub and Ezh2 are elevated in pancreatic precursor lesions and
PDAC (Martinez-Romero et al. 2009, Chen, Chen, et al. 2014). However, for the PRC2-
dependent modification, H3K27me3, no broad variations were identifed in the in vitro
carcinogenesis model. However, this does not rule out the possibility that H3K27me3 could
be remodeled dynamically at different gene loci (Benitz et al. 2016).

To assess, if remodeling of histone patterns occurs at the promoter sites of the acinar
differentiation genes Ptfla and Rbpjl during pancreatic carcinogenesis, chromatin
immunoprecipitation against H2AK119ub, H3K27me3 and the activating histone mark
H3K4me3 was performed. The repressive histone modifications H3K27me3 and H2AK119ub
are greatly enriched at the promoter sites of Rbpjl and Ptf1a in cancer cells (Benitz et al.
2016). In 3D-ADM cells, only a slight accumulation of H2AK119ub was detected at the
promoter of Ptfia. However, these cells show bivalent levels of H3K27me3 and H3K4me3,
which could explain their plasticity (Benitz et al. 2016). By losing H3K27me3 the cells could
re-differentiate back into acinar cells, as it occurs during pancreatitis-driven regeneration. In
the setting of oncogenic Kras-driven tumor initiation, persistent gene silencing could be
achieved through an additional enrichment of H3K27me3 and H2AK119ub. Overall, these
findings propose a mechanism for the repression of the acinar-specific genes Rbpjl and Ptf1a
during pancreatic carcinogenesis, which is dependent on PRC-mediated histone remodeling
(Benitz et al. 2016).

Western blot analysis indicate a great enrichment of H2AK119ub in 3D-ADM cells, which is
however not so prominent at the promoter sites of Rbpjl and Ptfia (Benitz et al. 2016). Thus,
in the future, further PRC1 target genes have to be identified. For this, ChIP-sequencing
(ChIP-Seq) has already been performed in this study. Unfortunately, the data processing and
analysis is still in progress. With the ChIP-Seq approach, global distribution of H2AK119ub in
progenitor and differentiated acinar cells, as well as in 3D-ADM and cancer cells, shall be
mapped to elucidate epigenetically modified genes during pancreatic carcinogenesis.

In 3D-ADM and cancer cells, the most down-regulated genes (> 10 fold) are associated with
proteolysis, metabolic and catabolic processes. Here, it needs to be determined if these
genes could be silenced through de novo ubiquitination of H2AK119. In a previous study, it
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was moreover proposed that Ring1b binding, without ubiquitination of H2AK119, can lead to
chromatin compaction (Eskeland et al. 2010). Thus, it may be speculated if repressed
expression of Ptfia and Rbpjl in ADM cells, could be additionally caused by a binding of
Ring1b to the gene loci.

In addition to histone remodeling of acinar cell fate genes, epigenetic regulation of the PRC1
component Bmi1 was identified. Strikingly, levels of H3K27me3 and H2AK119ub are
accumulated at the Bmi1 promoter in acinar cells, contributing to its transcriptional
repression. In contrast, in 3D-ADM and tumor cells, levels of H2AK119ub are greatly
decreased, supporting active gene transcription. Enrichment of H3K27me3 is still detectable
in 3D-ADM cells, suggesting that expression could already be activated through a loss of
H2AK119ub. An additional deprivation of H3K27me3, as apparent in cancer cells, could
permit persistent expression (Benitz et al. 2016). Generally, it is remarkable that in spite of
the reactivation of Ring1b in 3D-ADM and cancer cells, levels of H2AK119ub are lost at the
promoter site of Bmi1, allowing its expression and the subsequent assembly of active PRC1.
Here, reduction of H2AK119ub levels could have been catalyzed by deubiquitinases, such as
the recently described H2A deubiquitinase Usp16 or the Polycomb repressive deubiquitinase
complex (PR-DUB) (Yang et al. 2014, Scheuermann et al. 2010). Interestingly, in embryonic
stem cells, Yang et al. demonstrated that the deubiquitinase Usp16 and Ring1b competitively
remodel H2Aub levels; Usp16 bound genes were associated with active gene expression
(Yang et al. 2014). This suggests, that in dependence of the gene loci, levels of H2AK119ub
could be dynamically changed, influencing gene transcription. However, factors mediating

the binding of Ring1b to distinct gene loci have been rarely identified, up to now.
5.3 The role of Ring1b in inflammatory acinar-to-ductal metaplasia

Reactivation of PRC1 components, in combination with a concomitant enrichment of the
histone modification H2AK119ub, was identified in 3D-ADM cells (Benitz et al. 2016). To
characterize the significance of PRC1 in ADM in vivo, pancreatitis was induced in wildtype
mice and expression of Ringlb and Bmi1, as well as the presence of H2AK119ub, were
determined (Benitz et al. 2016). In accordance with previous studies, adult acinar cells are
barely positive for Ring1lb and Bmi1 (Martinez-Romero et al. 2009, Fukuda, Morris, and
Hebrok 2012). During acute pancreatitis, levels of Bmi1, Ring1b and H2AK119ub are greatly
increased (Benitz et al. 2016, Martinez-Romero et al. 2009, Fukuda, Morris, and Hebrok
2012), which is morphologically associated with exocrine tissue damage, ADM formation and
inflammation. Here, the majority of ADM complexes are positive for the PRC1 components,
Bmi1 and Ring1b, and H2AK119ub (Benitz et al. 2016). This suggests that PRC1 is not only

reactivated in ADM in vitro, but also in inflammatory acinar-to-ductal metaplasia in vivo.

109



Seven days after the last caerulein injection, pancreatic tissue is regenerated and
consequently Ring1b and Bmi1 expression is decreased (Benitz et al. 2016). In parallel to
elevated levels of Ring1b and Bmi1 during acute pancreatitis, activation of Akt and Erk was
observed. It was previously reported, that the Akt kinase can directly phosphorylate Bmit,
leading to enhanced PRC1 activity (Nacerddine et al. 2012). Moreover, Qian et al. revealed
that the transcription of Bmi1 is induced by c-Myc (Qian et al. 2010), an important
downstream effector of the MAP kinase pathway (Sears et al. 2000). Thus, it was speculated
if reactivated expression of Ring1b in acinar cells could be stimulated by these pathways. To
find answers to this, a PI3K or a Mek inhibitor was administered to acinar suspension cells.
When acinar cells are kept in suspension for five days, they acquire a progenitor-like
expression profile (Pinho et al. 2011). Concomitantly, expression of Ring1b is reactivated in
cultured cells (120 hours), and upon inhibition of either the PI3 or the Mek/Erk kinase
pathway, Ring1b protein levels are greatly reduced. However, future studies have to clarify
whether diminished protein levels are due to decreased post-translational stability of the
protein or if gene transcription is directly or indirectly compromised upon inhibition of PI3K or
Mek/Erk.

Moreover, to assess the functional relevance of reactivated Ring1b in inflammatory ADM,
conditional Ring1b knockout mice were generated and the animals were injected with
caerulein to cause an acute pancreatitis. Since epigenetic modifications catalyzed by Ring1b
are crucial for proper cell lineage decisions and developmental processes (van Arensbergen
et al. 2013), Cre-mediated knockout of Ring1b in acinar cells was induced at an adult stage
(5.5- to 6-week-old mice). Blood analyses of the acinar cell stress markers amylase and
lipase (six hours after last caerulein administration) indicate that p48"" and p48="";R1b™
mice are equally challenged. However, HE stainings of tissue, harvested 24 or 48 hours after
the caerulein treatment, show that Ring1b knockout mice are largely protected from
manifestations of pancreatitis. Precisely, 48 hours after the last caerulein administration,
p485"T mice exhibit numerous ADMs and a strong stromal response, indicated by immune
cell infiltrations, edema and fibrotic areas. In contrast, pancreata of p48=°";Ring1b""* mice
appear to be already regenerated, whereas p485"";Ring1b"* animals display an

8ERT animals is however not

intermediate phenotype. Regeneration of pancreatic tissue of p4
apparent until seven days after the caerulein treatment. These results suggest that upon a
loss of Ring1b, acinar-to-ductal metaplasia is not adequately and persistently induced, and
that the establishment of progenitor-like cell status could be impaired. Indeed, in comparison
to caerulein-treated control mice, expression of progenitor markers, such as Pdx1, Rbpj and

Sox9is not induced in Ring1b knockout mice 48 hours after the caerulein treatment.
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Although expression of the ductal gene Ck719 and repression of amylase is observed in
Ring1b knockout mice, it was not as prominent as in caerulein-treated control mice. Despite
expression of Ck19, duct-like structures are barely observed in Ring1b knockout mice, 48
hours after the last caerulein administration. This suggests that complete ductal
reprogramming could be dependent on the reactivation of further genes, such as the ductal
fate determinant Sox9.

In regard to the expression of the differentiation genes Rbpjl, Ptf1a and Mist1 no differences
were detected between caerulein-injected p48¥°" and p485""'R1b"" mice (48-hour time point).

Importantly, in comparison to NaCl-treated p48%""

control mice, also no distinctions were
identified, claiming that a repression of these genes is not present 48 hours after the last
caerulein administration. Here, the study of Kong et al. revealed that silencing of the
differentiation genes Rbpjl and Mist1 is more persistent in mice expressing oncogenic

Kras®'2? (Kong et al. 2016).

Overall, this study indicates that loss of the catalytic subunit of PRC1, Ring1b, reduces ADM
and tissue damage in the setting of pancreatitis. In striking contrast, Fukuda et al. revealed
that pancreatic regeneration is greatly impaired in Bmi1 KO mice, accompanied by a
persistent expression of the progenitor markers Sox9 and Hes1 (Fukuda, Morris, and Hebrok
2012). However, it has to be considered that in this study, global, non-conditional Bmi1 KO
mice were used (Fukuda, Morris, and Hebrok 2012) meaning that all cell lineages throughout
all developmental stages harbored a Bmi1 depletion. Since epigenetic changes catalyzed by
PRC1 are important for stem cell maintenance (van der Stoop et al. 2008), but also for
further embryonic development (van Arensbergen et al. 2013), early depletion of Bmi1 could
have caused deregulated expression of progenitor genes during embryonic development,

which could explain the contradictory results.

Sustained expression of the progenitor gene Pdx7 in mice (induced in an embryonic stage
through the use of the Ptf1a-Cre) causes acinar-to-ductal transition (Miyatsuka et al. 2006).
Moreover, a previous study highlighted that aberrant expression of Sox9 in the setting of
acute pancreatitis promotes more persistent ADM (Kopp et al. 2012), explaining why ADM
formation could be decreased or not so enduring in Ring1b-depleted mice. Since Ring1b is
largely associated with gene repression (de Napoles et al. 2004, Eskeland et al. 2010), the
mechanism of how progenitor genes are activated in the presence of PRC1 is not clear. It
can be speculated that expression could be influenced through the remodeling of histone
modifications, binding of distinct transcription factors or by the activation status of signaling
pathways. During the development of the pancreatic endoderm, expression of PDX1 and
SOX9 is induced through loss of H3K27me3 (Xie et al. 2013). Analysis of the in vitro

111



carcinogenesis model reveals up-regulated expression of Bmi1 in 3D-ADM and cancer cells.
At the Bmi1 promoter of these cells, H3K27me3 and H2AK119ub is lost, supporting gene
expression, although Ring1b is also increasingly expressed (Benitz et al. 2016). Thus, in
response to reactivated Ring1b, PRC-mediated gene repression could be displaced at
distinct gene loci ensuring reactivation of these genes. Interestingly, Kondo et al.
demonstrated that initial binding of Ring1b to the Meis2 promoter is essential for the
recruitment of a specific enhancer (Kondo et al. 2014). Upon binding of the enhancer, Ring1b
dissociates and transcriptional activation of the Meis2 gene is achieved (Kondo et al. 2014).
However, molecular details of PRC1-dependent transcriptional activation remain elusive.
Amongst others, it was suggested that initial binding of PRC1 to inactive promoters could
cause an open chromatin conformation, facilitating the binding of enhancers (Cavalli 2014).
In addition to the remodeling of histone patterns and interaction with other transcription
factors, also deregulations of signaling pathways could contribute to transcriptional
activation. Importantly, Chen et al. indicated that EGFR signaling promotes expression of
Sox9 in ADM (Chen et al. 2015). Similar to Ring1b"" mice, Egfr® mice barely exhibit ADM,
tissue fibrosis and inflammation upon subjection to a chronic-like pancreatitis (Ardito et al.
2012). Thus, it can be speculated if Ring1b could also influence the activation status of
signaling pathways, such as the Egf receptor signaling cascade, thereby indirectly mediating
the expression of progenitor genes and ADM. However, in the future, further studies are
needed to elucidate how PRC1-dependent epigenetic remodeling contributes to the
activation of progenitor-like expression programs in ADM and pancreatic carcinogenesis.

Besides the impaired set-up of a progenitor-like expression profile, also decreased
stimulation of the microenvironment could contribute to reduced pancreatitis in Ring1b™
mice. Hence, knockdown of Ring1b in various cancer cells caused increased apoptosis
through enhanced stabilization of p53. Precisely, it was shown that Ring1b stabilizes Mdm2,
which ubiquitinates and marks p53 for protein degradation (Wen et al. 2014). Moreover,
analysis of caerulein-treated Bmi1 KO acinar suspension cells revealed that pro-apoptotic
genes, such as Noxa, are significantly up-regulated in comparison to control cells (Fukuda,
Morris, and Hebrok 2012). These data suggest, that upon loss of the PRC1 components
Ring1b or Bmi1, apoptosis could be rather induced. Therefore, decreased tissue damage
and inflammation in Ring1b-deficient mice could be due to the fact, that damaged acinar cells
rather undergo apoptosis than cell necrosis (nowadays also described as oncosis) (Miao,
Rajan, and Aderem 2011). In contrast to apoptosis, oncosis is characterized as a lytic
process, causing tissue inflammation and attracting immune cells (Miao, Rajan, and Aderem
2011). It was also reported that cytokines, released by macrophages, greatly promote ADM
(Liou et al. 2013). Thus, it may be speculated whether reduced pancreatitis in Ring1b™ mice

could also be due to changes in the mode of cell death and/or inflammation. Future efforts
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have to be made to quantify CD45-positive immune cells and cleaved Caspase3, an indicator

for apoptosis, to verify these hypotheses.
5.4 The importance of Ring1b in pancreatic tumor development

Elevated expression of the epigenetic remodeler Ring1b was previously detected in PanIN
lesions and PDAC (Martinez-Romero et al. 2009, Benitz et al. 2016). In human PDAC, high
levels of H2AK119ub are associated with poor differentiation and increased tumor size
(Chen, Chen, et al. 2014). Besides elevated expression in advanced tumor stages, the
presented study should reveal if PRC1 is implicated in Kras®'??-dependent pancreatic cancer
initiation.

For this, the presence of Ring1b, Bmi1 and H2AK119ub was determined in three-, ten- and
20-week-old KPC mice. Expression of Ringlib and Bmil is already apparent in
morphologically normal appearing acinar cells from three-week-old mice and can be detected
in ADM and early pancreatic precursor lesions. PDAC cells are also greatly positive. These
results suggest that reactivation of PRC1 already occurs during early pancreatic
tumorigenesis (Benitz et al. 2016).

To explore if epigenetic changes mediated by Ring1b influence oncogenic Kras-driven cell

transformation, Kras®'?®

was additionally expressed in the transgenic Ring1b knockout
mouse model. Since adult acinar cells are refractory to mutant Kras (Guerra et al. 2007),
mice were additionally treated according to the caerulein-based regeneration model. After 21
days, control mice have developed metaplastic ductal structures, such as ADM and PaniIN-1,
in combination with a strong stromal response, evident through pancreatic fibrosis and
immune cell infiltration. In contrast, Kras®'?’-driven neoplastic tissue transformation is greatly
abrogated in Ring1b™" mice. Here, nearly no metaplastic ductal structures were detected and
pancreatic tissue morphology appears almost normal. Six months after the caerulein
application, focal areas of PDAC precursor lesions and PDAC were identified in p48";K
mice, whereas p485°":K;R1b"" animals exhibit rare, rather low-grade PDAC lesions. Here, it
needs to be determined if the transformed cells in the Ring1b-deficient mice are cells in
which recombination of the Ring1b locus was not successful.

Generally, results are in accordance with a recent study of Bednar et al., which showed that

knockout of Bmi1 in Pdx1-Cre;Kras®'?P

mice nearly completely abolishes the formation of
pancreatic precancerous lesions (Bednar et al. 2015). Even in the context of pancreatitis-
induced carcinogenesis, PanIN formation is blocked in Bmi1-deficient mice (Bednar et al.
2015). Functionally, Bednar et al. described that upon knockdown of Bmi1 in pancreatic
cancer cells, levels of reactive oxygen species (ROS) are increased. Thus, it was suggested
that elevated expression of Bmi1 in PDAC development protects the cells from oxidative

stress and consequently favors carcinogenesis (Bednar et al. 2015). Hence, in the future,
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tissue of Ring1b knockout mice shall be analyzed on the activation status of DNA damage
response pathways and apopotosis.

However, in contrast to the results of the Bmi1 and Ring1b KO mice, deletion of the catalytic
subunit of PRC2, Ezh2, accelerates pancreatic carcinogenesis in a p48C’e;KrasG12D mouse
model (Mallen-St Clair et al. 2012). This implies that epigenetic remodeling, catalyzed by
PRC1 or PRC2, is quite distinct. Therefore, future studies are needed to unravel the PRC

target genes.

Adult acinar cells are resistant to oncogenic Kras-dependent cell transformation (Guerra et
al. 2007). However, only in combination with the induction of pancreatitis, acinar
dedifferentiation and initiation of PDAC can be observed (Guerra et al. 2007). Thus, it was
speculated if pancreatitis-induced acinar dedifferentiation and establishment of a progenitor-
like expression profile is an important prerequisite for further Kras®'?°-driven cell
transformation. Analyzing the functional role of Ring1b in pancreatitis (48-hour time point)
revealed that the reactivation of progenitor genes is impaired in Ring1b™ mice. This is also
evident in Kras®??;Ring1b™ mice, which were sacrificed 21 days after the caerulein
treatment. For instance, expression of Sox9 is significantly lower in Ring1b-deficient mice.
Moreover, the differentiation genes Rbpjl, Ptfia and Mist1 remain more highly expressed in
Ring1b™ mice, whereas expression is repressed in caerulein-treated p485"";Kras®'?" mice.
Thus, at the promoter site of the differentiation gene Rbpjl, an enrichment of H2AK119ub is
apparent in p485°":Kras®'?? animals. This suggests, that in the setting of activated oncogenic
Kras®'?®, Ring1b contributes to the silencing of the differentiation marker Rbpjl, favoring
acinar cell dedifferentiation. This is in accordance with the results from the in vitro model,
which shows enriched levels of H2AK119ub at the Rbpjl promoter in oncogenic Kras®'2"-
expressing pancreatic cancer cells (Benitz et al. 2016).

In addition to the loss of Ring1b or Bmi1 (Bednar et al. 2015), Kras®'*"-dependent pancreatic
carcinogenesis is abrogated upon deletion of the Egf receptor (Ardito et al. 2012) or Stat3
(signal transducer and activator of transcription 3), which is activated by growth-factor-
dependent receptor tyrosine kinases (Corcoran et al. 2011). Thus, future studies shall reveal
if there is a relation between PRC1 and the activation of these signaling pathways.

Overall, the loss of Ringlb seems to impair oncogenic Kras-driven neoplastic tissue
transformation and initiation of PDAC. Hence, Ring1b can be regarded as an important
oncogene supporting pancreatic carcinogenesis.

5.5 The role of Ring1b in pancreatic cancer cells

Loss of Ring1b greatly inhibits Kras®'?°-driven neoplastic cell transformation and prevents

the activation of a progenitor-like expression program. Since murine, as well as human
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PDAC are hallmarked by elevated expression of the epigenetic remodeler Ring1b (Benitz et
al. 2016, Martinez-Romero et al. 2009, Chen, Chen, et al. 2014), its functional role was
determined in pancreatic cancer cells. Here, with the aid of the CRISPR/Cas9 system,
Ring1b was knocked out in an aggressive pancreatic cancer cell line, isolated from a
p48Cre;LSL-Kras®'?®;p53"* (KPC) mouse. Ring1b KO cells are characterized by a loss of
H2AK119ub, whereas levels of H3K27me3 remain stable. This was also reported in another
study, in which Ring1b was knocked down (Chen, Xu, et al. 2014).

mRNA microarray analysis reveal elevated expression of 474 genes (fold change > 1.5),
which are mostly related to developmental, such as epithelium development, and
morphogenetic processes. For instance, expression of Kif4 or Prrx1 was found to be
increased upon loss of Ring1b. Remarkably, in the in vitro carcinogenesis model, high Kif4
and Prrx1 expression was detected in 3D-ADM cells but not in pancreatic cancer cells.
Recently, Kif4 was associated as an important mediator of ADM (Wei et al. 2016). Overall,
since GO terms, related to epithelium development, as well as genes, solely up-regulated in
3D-ADM cells, were found to be increased in Ring1b KO cells, it may be speculated that
Ring1b KO cells harbor a higher differentiation grade than the control cells. Diaferia et al.
analyzed the transcriptome of low- and high-grade human pancreatic cancer lines and
assessed that low-grade PDAC cells are associated with an increased expression of
epithelial genes, whereas high-grade cells rather possess mesenchymale features (Diaferia
et al. 2016). For genes, up-regulated in Ringlb KO cells, GO terms also related to
mesenchyme development were assigned, but a higher number of genes was grouped into
terms associated with the epithelium lineage. However, microarray data and expression
analysis indicate no increased expression of the differentiation genes Rbpjl or Pifia.
Although levels of H2AK119ub are greatly reduced at the indicated promoter sites,
expression is not reactivated. At the Ptfia promoter, hardly any levels of the activating mark
H3K4me3 were detected, suggesting that gene expression is not epigenetically activated
(data were kindly provided by Sabrina Deubler) (Deubler 2016). Western blot analyses reveal
an elevated expression of the DNA methyltransferase Dnmt3a in Ring1b KO cells. This could
be regarded as a compensatory mechanism, ensuring gene silencing of initially H2AK119ub-
marked genes (data were kindly provided by Sabrina Deubler) (Deubler 2016).

In accordance with the results of this study, deletion of Ring1b in pancreatic progenitor cells
leads to the de-repression of a small subset of genes, which are mostly associated with de-
novo targeting of Ring1b (van Arensbergen et al. 2013). However, since most genes are not
reactivated upon Ring1b loss, van Arensbergen et al. proposed that Ringlb bookmarks
genes for transcriptional repression and additional mechanisms, such as DNA methylation,
support persistent gene silencing (van Arensbergen et al. 2013). Knockdown of Ring1b and

Ezh2 in pancreatic cancer cells, causes an increased de-repression of the Hoxc10 gene,
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whereas the loss of Ring1b alone just slightly induces gene expression (Chen, Chen, et al.
2014). Moreover, this demonstrates that additional epigenetic repressor complexes help to
silence Ring1b target genes in cancer cells.

Interestingly, expression of Dusp9 (dual specificity phosphatase 9), a negative regulator of
the MAP kinase Erk2 (Muda et al. 1997), was found to be up-regulated in Ring1b KO cells. In
human gastric cancer samples, it was shown that Dusp9 is epigenetically silenced through
DNA hypermethylation (Wu et al. 2015). Thus, further experiments should be performed to
unveil if the Dusp9 gene is a direct target of Ring1b. However, in Ring1bKO cells, also up-
regulated expression of the Egf receptor was detected, which could present a compensatory
mechanism for overcoming Dusp9-mediated repression of the MAP kinase pathway.

Chen et al. reported that shRNA-mediated Ring1b knockdown in human pancreatic cancer
cells, significantly decreased tumor growth of subcutaneously implanted cancer cells in nude
mice (Chen, Chen, et al. 2014). In this study, orthotopic injection of Ring1b KO cells into
pancreata of wildtype mice shows that tumor formation, measured by tumor size, is slightly
but not significantly decreased in comparison to control cells.

Importantly, nearly no epithelial cells were detected in the blood of mice, which were
orthotopically transplanted with Ring1b KO cells. In contrast, great amounts were isolated
and cultivated from the blood of mice, which were injected with control cells. In line with
these observations, a recent study showed that depletion of Ring1b in breast cancer cells
compromises cell migration and invasion due to a decreased expression of the focal
adhesion kinase (Bosch et al. 2014).

Annotation of down-regulated genes generated the KEGG pathways "metabolism of
xenobiotics by cytochrome P450" and "drug metabolism". Here, the genes Gstt1 (Glutathione
S-transferase theta 1) and Gsta4 (Glutathione S-transferase alpha 4) were assigned. In this
context, Ring1b KO cells were found to be more sensitive to gemcitabine (data were kindly
provided by Sabrina Deubler) (Deubler 2016). Elevated expression of microsomal GSTT1
was detected in gemcitabine-resistant human primary pancreatic cancer cells (Bai, Sata, and
Nagai 2007). Over-expression of GSTs was described in a great variety of tumor entities
(Townsend and Tew 2003). It is assumed that the enzymes contribute to the detoxification of
drugs and alkylating agents through the conjugation of glutathione (Townsend and Tew
2003).

In summary, knockout of Ring1b in pancreatic cancer cells induces cellular reprogramming

towards a chemosensitive phenotype and a reduced tumor formation capability.
5.6 PRC1 as a druggable target

Knockout of Ring1b in pancreatic tumor cells causes increased expression of a small subset

of genes, associated with epithelium developmental processes, claiming that cells could
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have adopted a more differentiated state. In addition, Ringlb KO cells display a greater
sensitivity towards gemcitabine. Overall, this study indicates that Ring1b can be regarded as
a potential oncogene, contributing especially to cancer initiation, but also favoring PDAC
progression. Therefore, Ringlb and PRC1 could present a promising therapeutic target.
Alchanti et al. identified the compound 2-pyridine-3-yl-methylene-indan-1,3-dione (PRT4165)
as a potent inhibitor of PRC1 (Alchanati et al. 2009). Besides inhibition of protein
ubiquitination (Alchanati et al. 2009), application of the inhibitor specifically decreases levels
of H2AK119ub (Ismail et al. 2013).

PRT4165 treatment of 3D-ADM cell cultures leads to the formation of significantly smaller
metaplastic ductal structures. Hence, a smaller number of proliferative, BrdU-positive cells
was detected in PRT4165-treated cell cultures. In accordance, depletion of Ringla and
Ring1b in mouse embryonic fibroblasts causes impaired proliferation through the up-
regulation of p21 and defects in replication (Bravo et al. 2015). Overall, the results indicate
that application of PRT4165 can weaken the process of ADM formation in vitro. Short-time
treatment of cancer cells (six hours) induces slight reprogramming of the transcriptional
pattern. Thus, expression of acinar differentiation genes is slightly elevated, whereas
expression of progenitor markers, such as Rbpj, is decreased. This suggests, that short-time
inhibition of PRC1 positively influences the transcriptional activation of acinar cell fate genes.
Here, it has to be evaluated if increased expression is due to decreased levels of
H2AK119ub, reduced binding of Ring1b or influenced by indirect mechanisms. However, it
has to be critically considered that a twofold increase in expression is not immense. In
comparison to acinar cells, expression of these genes is strongly repressed in cancer cells
and treatment with PRT4165 cannot restore complete expression. Hence, expression must
be inhibited through other repressive mechanisms. In contrast to PRT4165-treated cells, no
changes in the expression of acinar differentiation genes were detected in Ring1b KO cancer
cells (data were kindly provided by Sabrina Deubler) (Deubler 2016). Here, it can be
speculated that during several cell culture rounds, other compensatory gene repressive
mechanisms are reactivated. For instance, levels of the DNA methyltransferase Dnmt3a are
increased in Ring1b KO cells compared to controls (data were kindly provided by Sabrina
Deubler) (Deubler 2016). From this point of view, it has to be validated if long-term
application of PRT4165 can cause transcriptional reprogramming of cancer cells. Since
Ring1b KO cancer cells are more sensitive to gemcitabine, it has to be determined if long-
term application of PRT4165 could have the same effects. In regard to this, it should be
established if combinatorial treatment with PRT4165 and gemcitabine could be beneficial for
treating PDAC. However, future studies are needed to assess the therapeutical potential of
PRT4165.
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Until now, it remains largely elusive how PRT4165 exerts its PRC1 inhibiting effect. Alchanti
et al. only showed that upon application, Bmi1 is no longer localized in the cell nuclei
(Alchanati et al. 2009). In this study, PRT4165 was applied in high concentrations (100 yM)
and a significant reduction of H2AKub119 levels are only apparent until 6 hours of treatment.
Thus, more potent compounds have to be developed in the future. Since Ring1b seems to
influence ADM and initiation of pancreatic carcinogenesis, it has to be analyzed if inhibition of
PRC1 could be also applied as a preventive therapeutic approach for pancreatitis. A study by
Kreso et al. highlighted that targeting PRC1 can also decrease the tumor burden (Kreso et al.
2014). Here, treatment of colon cancer xenografts in nude mice with the compound PTC-
209, which reduces expression of Bmi1, greatly abrogated tumor growth (Kreso et al. 2014).
Thus, future studies are implicitly needed to determine if targeting PRC1 in PDAC could be of

therapeutic value.

5.7 Conclusions and outlook

Elevated expression of PRC1 components was described in various cancer entities, such as
prostate cancer, ductal breast carcinoma and PDAC (Bosch et al. 2014, Lukacs et al. 2010,
van Leenders et al. 2007) (Martinez-Romero et al. 2009). Over-expression of Ring1b in
cancer cells is associated with cancer cell metastasis (Bosch et al. 2014, Chen, Xu, et al.
2014), reduced apoptosis (Wen et al. 2014) and tumor growth (Chen, Chen, et al. 2014).
Importantly, the PRC1 component Bmi1, is moreover defined as a cancer stem cell marker
(Proctor et al. 2013, Chiba et al. 2008, Kreso et al. 2014).

This study indicates that reactivation of Ring1b is crucial for the formation of ADM and
pancreatic precancerous lesions. Besides its important role in the initiation of PDAC, the
epigenetic remodeler accounts for the silencing of pancreatic differentiation genes in cancer
cells, helping to establish a dedifferentiated, progenitor-like expression program (Benitz et al.
2016). With the aid of a ChIP-sequencing approach, it is expected to identify further Ring1b
target genes, helping to fully comprehend how epigenetic changes mediated by PRC1 drive
pancreatic carcinogenesis. Moreover, significance of identified genes will be validated in the
conditional Ring1b knockout mouse model.

Administration of a PRC1 inhibitor in vitro, constrains ADM formation. In a future approach,
effects of the inhibitor have to be studied in vivo to assess its therapeutic value. Since a
knockout of Ring1b in pancreatic cancer cells leads to an enhanced sensitivity towards
gemcitabine, it needs to be further evaluated if combinatorial treatment with a Ring1b
inhibitor and gemcitabine could be beneficial.

Overall, this work presents that, in addition to well-defined genetic mutations, also epigenetic
dysregulations are of major importance for the initiation and progression of PDAC. Thus, an

integration of epigenetic drugs may provide a promising avenue for treating PDAC.
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6 Summary

The process of acinar cell de- or transdifferentiation into cells with a duct-like character is
defined as acinar-to-ductal metaplasia, which has been accepted as an important premise for
PDAC initiation. However, ADM cell characteristics and key factors responsible for
transcriptional reprogramming have been rarely described. In this study, gene expression
profiling demonstrates that ADM cells possess a high degree of similarity to embryonic acinar
cells. Precisely, numerous developmental processes are up-regulated in metaplastic cells,
suggesting that ADM can be regarded as cellular dedifferentiation with the concomitant
acquirement of a ductal phenotype. In addition to the reactivated expression of progenitor
genes, ADM and pancreatic cancer cells are characterized by the down-regulation of acinar
differentiation genes. In parallel, increased expression of epigenetic remodeling complexes,
such as PRC1 and its catalytic subunit Ring1b, can be detected in these cells. A significant
enrichment of the Ring1b-mediated repressive histone modification H2AK119ub exists at the
promoter sites of the acinar cell fate genes Rbpjl and Ptf1a in pancreatic cancer cells. This
highlights that epigenetic modifications catalyzed by PRC1 contribute to acinar gene
silencing in PDAC (Benitz et al. 2016).

Elevated levels of the PRC1 components Bmi1 and Ring1b as well as of H2AK119ub can be
determined in pancreatitis-triggered ADM cells in wildtype mice, as well as in precursor
lesions and tumor cells in a mouse model of PDAC (Benitz et al. 2016). Importantly, mice,
harboring a conditional Ring1b knockout in acinar cells, largely fail to develop ADM in the
setting of acute pancreatitis. Moreover, the formation of precancerous lesions is greatly

abrogated in pancreatitis-induced, Ring1b-depleted Kras®'?°

mice. Here, mRNA expression
data confirm, that the establishment of a progenitor-like transcriptional profile is reduced in
Ring1b knockout mice. Namely, differentiation genes remain expressed and activation of
progenitor genes is suppressed, proposing that a loss of Ring1b impairs Kras®'?°-driven cell
transformation. CRISPR/Cas9-mediated knockout of Ring1b in pancreatic cancer cells does
not cause complete transcriptional reprogramming. The altered transcription profile
correlates with an increased expression of genes associated with the epithelium cell lineage,
indicating that upon loss of Ring1b tumor cells may become more differentiated. Functionally,
Ring1b knockout cells display increased sensitivity towards gemcitabine and a slightly
diminished tumor growth in vivo. Application of a PRC1 inhibitor impairs ADM formation in
vitro and induces modest transcriptional reprogramming of pancreatic cancer cells.

Overall, this work suggests that the reactivation of the epigenetic regulator Ring1b is critical
for ADM and pancreatic carcinogenesis. Specifically, epigenetic changes catalyzed by
Ring1b contribute to the establishment of a progenitor-like expression profile, an important

prerequisite for PDAC initiation and progression.
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