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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease with a ductal
morphology. Prior research has identified both pancreatic acinar and ductal cells as possible
cells of origin for histologically similar PDAC. However, because different mutations were
induced in acinar and ductal cells, apt comparisons could not be made to address whether the
tumor cell of origin influences PDAC initiation, development, and other tumor differences.
To address this open question, | induced oncogenic Ras expression (Kras®?°) with
concomitant homozgyous Trp53 deletion at 4 weeks of age in a ductal cell specific
(Sox9CreER; Kras-S-612D; Trp53floxflox («pyct:KPKO”)) and an acinar cell specific
(Ptf1aC™ER: Kras-Sk-e12D: Trp53fiodflox («Acinar:KP®™©”)) mouse model. | found that
Duct:KP®© mice met their humane endpoints earlier (82 days post injection, p.i.) than the
Acinar:KP®C® mice (128 days p.i.), for reasons associated with differences in the timing of
PDAC onset. While tumors from both cells of origin were similarly proliferative and shared
many physical characteristics, Duct:KP®° mice developed tumors much earlier than
Acinar:KP®® mice and this was further associated with a difference in precursor lesion
initiation. Specifically, ductal cells only formed high-grade lesions while acinar cells formed
precursor lesions of all grades. These findings suggest that cell type intrinsic differences may
allow ductal cells to rapidly form PDAC under genetically favorable conditions. In
comparison, acinar cells likely require additional steps to alter cell identity and become duct-
like — thus delaying PDAC initiation and extending survival. Taken together, I have
demonstrated, by using cell type specific mouse models, that cell of origin can alter disease

initiation, progression and impact PDAC phenotype.
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Chapter 1.  Introduction

1.1 Overview

Cancers with a common histology can sometimes come from different cells of origin,
which can lead to cancer heterogeneity, phenotype and development differences (Blanpain,
2013; Visvader, 2011). Despite the histological similarity, the cell of origin can influence
cancer subtype, signaling, progression, and phenotype of cancers that emerge (Blanpain,
2013; Visvader, 2011). This leads to the tantalizing possibility that by elucidating the cell of
origin specific effects on cancer, we may eventually allow for personalized treatments that
could improve patient survival. This is of particular importance for deadly cancers such as
pancreatic ductal adenocarcinoma (PDAC), on which this thesis is focused. However, before
these ambitions can come to fruition, a basic understanding of how different cell types
contribute to PDAC must be attained. Therefore, | sought to first determine the effect of
simultaneous Kras®?P expression and Trp53 deletion on both ductal and acinar cells of the
pancreas, and second, to determine how these distinct cells of origin may impact tumor
initiation, development and other tumor characteristics. This thesis describes experiments
that provide one of the first descriptions of how cell of origin affects PDAC development
when identical genetic initiating events are present, and lay the foundation for understanding
how cell of origin can impact PDAC. Ultimately, continued research may elucidate specific
cell of origin derived transcriptome profiles that could inform PDAC cell of origin in patients

and potentially lead to improvements in precision medicine for this deadly disease.



1.2 Pancreatic ductal adenocarcinoma (PDAC)

Cancer is a leading cause of death worldwide, and pancreatic cancer is projected to be
the deadliest cancer by 2030, if early diagnosis or therapeutic efficacy does not dramatically
improve (Rahib et al., 2014). Currently, the 5-year relative survival rate for a PDAC patient
is approximately 9% in the United States of America (Howlader et al., 2016). This poor
outcome reflects the difficulty of diagnosing and treating PDAC. For instance, over 50% of
patients have metastatic PDAC at diagnosis, and even those fortunate enough to be
diagnosed early with localized PDAC still only have a 30% relative 5-year survival rate
(Howlader et al., 2016). Therefore, finding ways to detect PDAC early and enhance

treatment response are two essential strategies needed to improve patient survival.

The most commonly accepted model of PDAC development proposes that cancer
arises primarily from undetectable microscopic lesions known as pancreatic intraepithelial
neoplasms (PanINs) (Andea et al., 2003). One model for PanIN development posits that low-
grade precursor lesions, known as PanIN1s, are initiated by acquiring oncogenic driver
mutations, such as those in Kras, a GTPase protein in the MAP kinase signaling pathway.
These lesions then accumulate additional mutations, leading to increasing cellular atypia
through stages PanIN2 and PanIN3 before becoming invasive PDAC (Figure 1.1). The basis
of this model of PanIN development largely stems from the following key observations: 1)
that PanIN1 lesions are increasingly observed with age (Schwartz and Henson, 2007), 2) that
PanIN lesions, like PDAC, show similar enrichment patterns in the pancreatic head, the area
adjacent to the duodenum (Andea et al., 2003; Cubilla and Fitzgerald, 1976; Kozuka et al.,
1979), 3) that high-grade lesions are found more frequently in patients with PDAC than

without (Andea et al., 2003), and finally, 4) that PanIN lesions show a progressive



accumulation of mutations in genes commonly mutated in PDAC, such as KRAS, CDKN2A,
TP53, and SMAD4, concordant with increases in histological grade (Hruban et al., 2000,
2008) (Figure 1.1). Despite these findings, no studies have comparatively addressed whether
and how PDAC development from different pancreatic cells of origin may impact PanIN

initiation and progression.

Improvements in treatment responses in PDAC over the past decades have been
scarce, with only meager gains in survival with the advent of each new chemotherapeutic
regimen (Teague et al., 2015). Considering this, researchers are looking for alternatives to
broad-spectrum anti-cancer agents and are trying to develop personalized molecular
medicine approaches that would target specific cancer subtypes. This is of particular interest
due to demonstrations in breast cancer that proper molecular subtyping has allowed rapid
improvements in survival, simply by tailoring treatments to specific subtypes (Schnitt, 2010;
Yersal and Barutca, 2014). Such improvements require fundamental research to identify

major subtypes that are clinically relevant and actionable for each disease.

1.3 Heterogeneity in PDAC

To mirror successes seen in the molecular subtyping of breast cancer, PDAC needs to
be classified into clinically relevant subtypes. To this end, numerous groups have published
expression profile studies of PDAC that suggest the existence of subtypes, however, the
characteristics and clinical relevance of each are still debated (Bailey et al., 2016b; Collisson
etal., 2011; Moffitt et al., 2015; Noll et al., 2016). The first study to attempt characterization
of PDAC heterogeneity identified 3 main subtypes: classical, exocrine-like and quasi-
mesenchymal. The first two subtypes exhibited enriched expression of epithelial/cell-cell

adhesion genes, and genes associated with exocrine function, respectively. The latter subtype
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showed increased expression of mesenchymal genes. Importantly, classical and exocrine-like
subtypes were differentially sensitive to various chemotherapeutic agents (Collisson et al.,
2011; Noll et al., 2016) and thus could be clinically relevant. Follow-up studies, which
employed alternate experimental methods, continued to refine and incorporate new subtypes
(Bailey et al., 2016b; Collisson et al., 2011; Moffitt et al., 2015). Although these studies have
so far failed to reach a consensus regarding the defining characteristics of a given subtype,
these reports collectively suggested the existence of at least 2 tumor epithelial cell subtypes —

but the mechanism underlying the development of these distinct subtypes is unknown.

1.4 Cell of origin derived effects on cancer

Cancers are frequently heterogeneous within a population, presenting with different
phenotypes or genotypes between patients. These differences are hypothesized to emerge
through various possible mechanisms. For instance, heterogeneity may emerge stochastically,
from differences in selective pressure (eg. from the peritumoral microenvironment or from
specific molecular alterations acquired by the tumor cells) or from differences in cellular
origin (ie. the first cell to acquire the cancer initiating mutation). While all of these processes
are likely sources of interpatient tumor heterogeneity, one possibility stands out for
pancreatic cancer — cell of origin derived heterogeneity. The expression profile study
published by Collisson et. al. (2011) showed a potential role for cell of origin in PDAC
heterogeneity by identifying PDAC subtypes that expressed genes highly enriched in normal
ductal (ie. the classical subtype) or acinar cells (ie. the exocrine-like subtype). It is possible
that these differences are caused by remnants from the transcriptional programming of the
cell of origin (Collisson et al., 2011). Although it is seemingly counter-intuitive that acinar

cells may initiate ductal adenocarcinomas, studies from as early as two decades ago have



demonstrated that acinar cells can change their differentiation status under certain conditions
(Wagner et al., 1998). To address the possibility that PDAC can emerge from different cells

of origin, proper animal models are needed to generate tumors derived from different cells of
origin. Cell type specific animal models have been a powerful research tool in other cancers,

one of them being prostate cancer.

Like the pancreas, the prostate has two different epithelial cell types that may give
rise to adenocarcinomas. Thus, researchers sought to examine: 1) whether luminal and basal
cells both contribute to prostate cancer under disease relevant in vivo conditions, and 2)
whether and how cell of origin impacts tumor development, phenotype and survival. To
address these questions, researchers developed cell-type specific mouse models that enabled
finer spatial targeting of pro-tumorigenic mutations to either basal or luminal cells of the
prostate. Specifically, these studies applied identical disease relevant mutations (homozygous
Pten deletion) to observe for cell of origin derived effects in prostate cancer. Their findings
showed conclusively that both luminal and basal cells can give rise to prostate cancer of
similar luminal histology. Therefore, due to cellular plasticity, tumor histology should not be
used as an indicator of cancer cell of origin (Choi et al., 2012; Lu et al., 2013; Park et al.,
2016; Wang et al., 2013). Further analysis revealed subtle differences in the timing of tumor
development from luminal and basal cells. Specifically, these studies found that luminal cells
initiated and developed into prostate cancer much more quickly when compared to basal
cells carrying the same Pten™®/1°* muytations (Choi et al., 2012; Wang et al., 2013). This
difference was attributed to basal cells requiring a transition into a luminal-like cell prior to
initiating prostate cancer (Choi et al., 2012). Moreover, molecular analyses revealed that

although tumors arising from both cells of origin were overall similar, subtype specific



signatures could nevertheless be generated and applied to human transcriptome data (Wang
et al., 2013). By comparing tumors with different cell type specific signatures in patients, the
authors found that tumors associated with a luminal cell of origin signature were associated
with more aggressive prostate cancers with reduced patient survival times (Wang et al.,
2013), suggesting that 1) cell of origin differences may persist after tumor initiation, and that,
2) cell of origin studies may identify specific tumor signatures that have not been found
through traditional human tumor analyses alone, providing an additional avenue with which

to examine potential sources of tumor heterogeneity.

In addition to the prostate, cell of origin has also been shown to play a role in cancers
from numerous other organs, such as in the brain, breast, and lung (Blanpain, 2013). Briefly,
by only changing the cell of origin while inducing identical mutations, cell of origin has been
found to affect signaling pathway activation (brain cancer), histological subtypes (lung
cancer), molecular subtypes (breast cancer) and disease prognosis (prostate, breast, and brain
cancer). Thus, the importance of studying cell of origin should not be understated, and has
been demonstrated in many cancers. However, the effect and relevance of cell of origin in

pancreatic cancer remain largely unknown and understudied.

1.5 Cell of origin of PDAC

The pancreas has two major types of cells: exocrine and endocrine islet cells. The
former includes ductal and acinar cells, while the latter is composed of a variety of hormone
secreting cells. Despite the variety of distinct cell types, the majority of pancreatic cancers
are ductal adenocarcinomas. One reason for this may be that pancreatic ductal cells are the
most susceptible to oncogenic transformation. However, clinical evidence supporting this

notion is limited and largely correlative. For instance, ductal abnormalities (eg. hyperplasia



and metaplasia) are frequently associated with PDAC, but rarely detected prior to PDAC
initiation because of their microscopic size (Brat et al., 1998; Brockie et al., 1998; Cubilla
and Fitzgerald, 1976; Furukawa et al., 1994, 1994, Kozuka et al., 1979, 1979). Due to
technical challenges involved in following PDAC tumor initiation and development in
humans, mouse models are needed to study these events. The majority of early inducible
PDAC models were pan-pancreatic (that is, they involved all cells of the pancreas) because
they were dependent on embryonic induction of constitutive Cre recombinase alleles driven
by the Pdx1 or Ptfla promoters, and thus offered no pancreatic cell type specificity
(Hingorani et al., 2003). However, in one of the earliest studies employing cell type specific
modeling of PDAC, Wagner et al. (1998) found that Elastase promoter driven TGFa
expression (resulting in overactivation of the Kras kinase cascade) induced acinar cells to
become more like ductal cells, and PDAC development after a considerable latency (Wagner
et al., 1998). A follow up study deleting Trp53 in conjunction with TGFa overexpression in
acinar cells found that survival was significantly shortened due to the rapid onset of PDAC
(Wagner et al., 2001). In contrast, oncogenic Kras®*2V expression, specifically in ductal cells,
induced only mild phenotypic changes after 6 months (Brembeck et al., 2003). Therefore,
these studies made a case for an acinar cell of origin of PDAC by suggesting that 1) acinar
cells can give rise to PDAC in mice, and that 2) the hyperplastic and metaplastic ductal
lesions previously thought to derive from ductal cells and associated with PDAC, could

actually be derived from acinar cells instead (Hruban et al., 2000).

Subsequently, the role of acinar cells in PDAC initiation and progression continued to
be refined. Tamoxifen-inducible mouse models were developed to drive acinar cell specific

expression of oncogenic Kras using different promoters such as: Ptfla, Mistl and Cela



(elastase) (De La O et al., 2008; Guerra et al., 2007; Habbe et al., 2008, 2008; Ji et al., 2009;
Kopinke et al., 2012; Kopp et al., 2012). These models showed that mPanIN lesions readily
arose from acinar cells, through a process that could be hastened by the application of
pancreatitis (Guerra et al., 2007; Kopp et al., 2012). Acinar cell transdifferentiation to a duct-
like cellular identity coincided with concomitant down regulation of acinar cell specifying
factors and reactivation of a progenitor/ductal cell-like transcription program (De La O et al.,
2008; Kopp et al., 2012; Krah et al., 2015; Morris et al., 2010; Pinho et al., 2011a, 2011b;
Roy et al., 2016; Shi et al., 2009). Cumulatively, these reports provided insight into the early
stages of acinar cell transdifferentiation, but few reports extended these observations to the
role of acinar cells in PDAC induction (Bailey et al., 2016a; Daniluk et al., 2012; Guerra et

al., 2007, 2011; Swidnicka-Siergiejko et al., 2016).

Ductal cells have received far less attention than acinar cells due to the technical
challenges of specifically targeting this cell population, as well as the initial observation that
this cell type appeared to be refractory to the effects of oncogenic Kras (Brembeck et al.,
2003). Since the earliest CK19-Kras®'?V report by Brembeck et al. (2003), other ductal cell
specific models have emerged, utilizing various ductal cell specific promoters: Ck19¢"ER,
HnflbCreER, CAIICreER and Sox9CreER (Inada et al., 2008; Kopp et al., 2011; Means et al.,
2008; Solar et al., 2009). Experiments combining the transgenic Sox9CreER or knock-in
CK19°"ER models with a Cre-inducible oncogenic Kras allele have shown that ductal cells
can give rise to rare mPanlIN lesions (Kopp et al., 2012; Ray et al., 2011), but to a much
lesser degree than acinar cells — an 112 fold difference according to Kopp et al. (2012).

Despite the progress made to show that ductal cells can give rise to lesions resembling



mPanIN1, the tumorigenic potential and similarities of these ductal cell-derived lesions

compared to acinar cell derived mPanIN or even human PanINs remain unknown.

Direct comparisons between acinar and ductal cells as potential PDAC cells of origin
have only begun to be addressed (Figura et al., 2014a; Kopp et al., 2012). Although ductal
cells have been shown to give rise to mPanINs (Kopp et al., 2012; Ray et al., 2011), it hasn’t
been demonstrated whether these ductal cell derived lesions progress in the same manner as
acinar cell derived mPanIN, or whether they are viable as a cell of origin for PDAC. A study
by Bailey et al. (2016a) found that tumor development from Kras®*?®-expressing ductal and
acinar cells required differing doses of gain-of-function Trp53R"2H when expressed with
oncogenic Kras. Furthermore, they reported a complete absence of mPanIN lesions from the
ductal cell specific mouse line, but numerous mPanINs from the acinar cell specific mouse
line. This suggested a potential difference in PDAC development from ductal cells and acinar
cells, but due to differences in genetics, cell of origin effects alone could not be confidently
attributed to this difference in tumor development. In addition, alcian blue, a mucin stain,
was used to identify mPanIN lesions even though precursor lesions do not have to be
mucinous, especially at higher mPanIN grades. Instead, PanIN/mPanIN lesions are defined
morphologically by specific cytological features and not solely by alcian blue staining
(Figure 1.1). Therefore, a histologically guided study using genetically comparable models
that initiate PDAC from distinct cell of origins is needed, to directly address the effects of

cell of origin on PDAC initiation, development and phenotype.

1.6 Hypothesis

| hypothesize that concomitant Kras®?P expression and homozygous Trp53 loss in

either acinar or ductal cells will induce pancreatic ductal adenocarcinoma in mice. However,
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because acinar cells need to acquire a ductal-cell-like fate before contributing to PDAC,

tumor development will be delayed from acinar compared to ductal cells.

1.7 Objectives

To directly address the impact of cell of origin on PDAC and its implication for
survival, tumor initiation and development, | generated cell type specific Cre-recombinase,
tamoxifen inducible mouse models where identical genetic mutations were induced in ductal
or acinar cells (Sox9CreER; Kras-S-612D; Trp53floxflox («Dyct:KPKO”) or Ptf1aC"ER: Kras-S-
G12D: Trps3fovilox («Acinar:KP®™0)) mice, respectively). | specifically looked for differences
in survival between cell type specific mouse lines and then examined whether cell of origin
impacted tumor physical characteristics (hnumber, size, and subsite localization), timing of
tumor initiation/tumor growth, as well as the timing of precursor lesion initiation and
accumulation. To study these aspects of tumorigenesis, | quantitatively analyzed H&E and
immunohistochemically stained tissue from mice at humane endpoint or from early

timepoints.

10



52 \! ‘!w : “

C Normal == PanIN | =——» PanIN2 =——P» PanIN3 ——— PDAC
Kras >

pl6 >

p53/Smad4 >

Figure 1.1 Comparison of human PanlIN versus those from genetically engineered

mouse models (""mPanIN™).
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Figure 1.1 Normal epithelium is characterized by lack of atypia, crowding, or cribiforming
with a regular cellular arrangement. PanIN1/mPanIN1 display regular, basally located nuclei
with tall columnar hypermucinous cells which may be papillary. PanIN2/mPanIN2 can be
flat or papillary, but have additional nuclear abnormalities and rare mitoses can be seen.
PanIN3/mPanIN3, or carcinoma-in-situ, display abundant nuclear atypia (enlargement,
pleomorphism, hyperchromasia) and cribiforming, but are still bound by a basement
membrane. PDAC is no longer bound in place by the basement membrane and has invaded
beyond it. A) Representative figures of human PanINs, showing progression from normal
epithelium to invasive PDAC. B) Mouse PanIN (“mPanIN”’) and PDAC observed in the
Pdx1-Cre; Kras-*-¢12P mouse model (Hingorani et al., 2003). Black arrows specifically
highlight the precursor lesions being referenced. C) The PanIN model of PDAC development
proposes that mutations arise sequentially — with KRAS mutations being the earliest (PanIN1),
CDKNZ2A (p16) intermediate (PanIN2) and SMADA4 or Trp53 being the latest (PanIN3 and
PDAC) mutations observed. Figure 1.1A and 1.1B adapted from Hruban et al. (2001) and

Hingorani et al. (2003) with permission.
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Chapter 2.  Materials and Methods

2.1 Mice

All described animal experiments were approved by the University of British Columbia and
University of California, San Diego Animal Care and Use Committees. Sox9CreER (Font-
Burgada et al., 2015; Kopp et al., 2011), Kras-S-¢12P (Tuveson et al., 2004), Trp531°*
(Marino et al., 2000), R26R--YFP (Srinivas et al., 2001) and Ptf1a“"™ER (Pan et al., 2013)
mice have previously been described. Mice were maintained on a mixed C57BL6/CD1
background. Polymerase chain reaction (PCR) primers used to genotype animals, or confirm
recombination are described in Table 2.1. CreER-mediated chromosomal recombination was
achieved through administration of tamoxifen in corn oil (20mg/ml), delivered
subcutaneously, every other day over 5 days at 0.125g tamoxifen/g body mass. Humane
endpoint for survival analysis was defined by one of the following: presence of jaundice,
body weight loss of >20% of the maximum weight obtained by the animal, severely altered
activity levels, and/or impaired feeding/drinking. Eye irritation or enlarged lungs in
Sox9CreER; Kras'S--6120; Trps3floxflox: RogRLSL-YFP animals occasionally resulted in animals

meeting humane endpoint; these animals were censored from the survival study (Figure 1C).

2.2 Histology and Morphometric Analysis

Pancreata were fixed overnight using Z-FIX (Anatech Ltd.) or 4% paraformaldehyde,
then processed and embedded in paraffin. Paraffin-embedded tissues were sectioned into 5 or
7 um-thick sections. Serial sections were collected until all lobes of the pancreas displayed
maximal cross-sectional area (typically 420 um in depth). From these serial sections, every

10" section was stained with hematoxylin and eosin (H&E) and examined microscopically.
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For annotation of tumor number, size and location, one or more stained slides were selected
as representative of the maximal pancreatic area and imaged with a 20x objective using an
Aperio CS2 (Leica) or AxioScan (Zeiss) slide scanner. Whole slide images in figures were
compiled by placing the image on a similarly colored background for presentation purposes

and non-tissue artifacts were removed (eg. “+” symbols from charged slides).

Histological and morphometric analysis was conducted by Alex Lee (A.L.) and Dr.
Janel L. Kopp (J.L.K.) independently and confirmed with Dr. David F. Schaeffer (D.F.S.)
(trained pathologist). All data were plotted in Graphpad Prism unless otherwise specified.
Physical characteristics of the pancreata/tumors were assessed in the following ways: 1)
tumor size measurements were determined using the digital ruler tool in Aperio ImageScope.
The cross-sectional diameter, in millimetres, of the tumors was measured between the two
most distant edges of a neoplasm. To calculate mean tumor sizes for specific timepoints or at
humane endpoint, average tumor sizes per mice were determined, then averaged across the
experimental cohort/timepoint to arrive at a figure corresponding to the average tumor size. 2)
Pancreata/tumor area measurements were determined by the selective masking of the tumor
(tumor area) or all pancreatic tissue (total area) using Adobe Photoshop CC. The area of each
was expressed as a pixel count and this was utilized to calculate the percentage area occupied
by tumor per pancreas. 3) Tumor subsite analysis was accomplished by determining whether
a tumor was qualitatively closer to the duodenum (head), pancreatic lymph nodes (body), or
spleen (tail). If a sufficiently large tumor spanned two or more tumor sub-sites, the tumor
was counted as being present in both sub-sites. This data was presented in a Radar diagram,
which was plotted in Microsoft Excel as the percentage of tumors present in a subsite over

the total tumor count from all subsites. 4) To analyze the type and number of precursor
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lesions present in each mouse model, representative sections were selected from each animal
and every gland with a lumen was categorized as one of the following: normal, acinar-to-
ductal metaplasia (ADM), mPanIN1, mPanIN2, or mPanIN3. Glands representing more than
one of these categories were scored according to their highest grade feature. Preneoplastic
lesions directly adjacent to tumors or associated with visibly invasive cells were not included
in this analysis. Invasive lesions were counted as small microtumors during the

quantification of the tumor number.

2.3 Immunohistochemistry

Sections were deparaffinised with sequential xylene baths then rehydrated in ethanol-
water solutions of gradually increasing water content. Antigens were unmasked using citrate
buffer based (pH6.0) heat induced epitope retrieval. Peroxidase activity was quenched using
0.6% hydrogen peroxide in Tris buffered saline (TBS), pH7.6, at room temperature for 15
minutes, followed by a blocking and permeabilization step with 1% bovine serum albumin
(BSA) and 10% normal donkey serum (NDS) in 0.025% triton-x100, TBS, pH7.6. Sections
were incubated overnight at 4°C with primary antibodies. Biotinylated secondary antibodies
were incubated with the sections at room temperature for 1-2 hours before changing to
VECTASTAIN Elite Avidin-biotin complex (ABC, Vector Labs) incubation at room
temperature for 2-5 hours. 3-3’-diaminobenzidine tetrahydrochloride (DAB) was used as the
chromogen. Slides were counter stained with Mayer’s hematoxylin (Fisher) and mounted
with Cytoseal (Fisher). Whole slide images of the staining were taken, as above, and

analyzed using the annotation functions of the Aperio Imagescope software.

An alternate protocol was refined to immunohistochemically stain p53. Sections were

deparaffinized and rehydrated, then subjected to extended heat induced epitope retrieval at
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95°C for 40 minutes in pH9, Tris-EDTA buffer (10mM Tris base, 1mM
Ethylenediaminetetraacetic acid (EDTA) solution, 0.05% Tween 20). Peroxidase activity was
quenched in 3% hydrogen peroxide in pH7.4 phosphate buffered saline (PBS). Mouse-on-
mouse antibody block (Vector Labs) was applied (12puL/mL pH7.4, PBS buffer) for 1 hour at
room temperature. Additional blocking (0.5% bovine serum albumin w/v, 5% NDS v/v,
0.3% Tween 20 v/v in pH7.4 PBS) at room temperature was carried out for 30 minutes
before incubation with primary p53 antibody overnight, at 4°C. The secondary antibody
(Vector Labs IMMpress anti-mouse IgG diluted 1:1 in pH7.4, PBS) was incubated for 30
minutes at room temperature and stained, counterstained, and mounted as previously

described.

2.4 Recombination specificity

Four weeks post tamoxifen injection, immunofluorescence analysis of recombination
specificity was quantified in the acinar and ductal cell compartments, 4% paraformaldehyde
fixed tissues were embedded in OCT (Tissue Tek) and cut into 10 um sections. Tissues from
Sox9CreER; Trp53M1oflox: R2GRLSLYFP and Ptf1atreER; Trp53fovfiox: R26RISYFP mice (with
and without the KrastS--612P allele) were stained with ductal and acinar cell specific markers
(Sox9 and Cpal, respectively), nuclear specific Hoechst dye and lineage reporter YFP and

then quantified as previously described (Kopp et al., 2011, 2012).

2.5 Antibodies and reagents

The following primary antibodies were used to detect: CK19 (rabbit, Abcam Ab133492,
1:1000), GFP (rat, C. Kioussi, 1:1000 and goat, Abcam Ab6673, 1:200), Sox9 (rabbit,
Chemicon,1:10,000 or guinea pig, Novo Nordisk, 1:1000), CPA1 (goat, R&D Systems,

1:1000), p53 (mouse, Cell Signaling Technologies 1C12, 1:500), Ki67 (rabbit, Thermo
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Fisher SP6, 1:200), and cleaved caspase 3 (rabbit, Cell Signaling Technologies 5A1E,
1:1000). The secondary antibodies used include: biotin-conjugated horse anti-goat (Vector
BA-9500, 1:500), biotin-conjugated donkey anti-rabbit (Jackson ImmunoResearch
Laboratories 711-065-152, 1:500), Cy3-conjugated donkey anti-goat (Jackson
ImmunoResearch Laboratories, 705-165-147, 1:500), Alexa488-conjugated donkey anti-goat
(Jackson ImmunoResearch Laboratories, 705-545-003, 1:500) and donkey anti-mouse
(Jackson ImmunoResearch Laboratories, 714-545-150, 1:500), and Cy5-conjugated donkey

anti-guinea pig (Jackson ImmunoResearch Laboratories, 706-175-148, 1:500).

2.6  Statistical analysis

Significance and P-values were determined using two-tailed student’s T-test in GraphPad
Prism or Excel software. All data are presented as mean + standard error of the mean (SEM).

SEM values were computed by Graphpad Prism from individual mouse averages.
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Table 2.1 PCR primers sequences used for genotyping.

Mouse allele Primer name Sequence (5°-3”) Product

Cre347 CCTGGAAAATGCTTCTGTCCG

CreER Amplifies a ~400bp band.
Cre349 CAGGGTGTTATAAGCAATCCC P P
Krasl CTAGCCACCATGGCTTGAGT

Kras-St-612D Amplifies a ~350bp band.
Kras2 TCCGAATTCAGTGACTACAGATG pim P

Trps3 Cor-p53intlF CACAAAAAACAGGTTAAACCCAG Amplifies a ~370bp mutant and
p53int1R AGCACATAGGAGGCAGAGAC ~290bp wildtype band.
R26R-fw AAAGTCGCTCTGAGTTGTTAT -

R26RLSLYFP R26R-rv AAGACCGCGAAGAGTTTGTC Amplifies a ~320bp mutant and

~600bp wildtype band.

WT-rv GGAGCGGGAGAAATGGATATG

Recombined Kras®2? Web1l GTCTTTCCCCAGCACAGTGC Amplifies a ~650bp Kras®2P and
Web?2 CTCTTGCCTACGCCACCAGCTC ~620bp wildtype band.

Recombined Trp53

Recomb-p53intlF

CACAAAAAACAGGTTAAACCCAG

Recomb-p53int1R

GAAGACAGAAAAGGGGAGGG

Amplifies a ~610bp recombined
band.
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Chapter 3.  Results

3.1 Disease specific survival rates differ significantly between mice with

ductal versus acinar cell specific loss of Trp53 and activation of Kras®?P

To determine how cellular origin affects the initiation and progression of PDAC, |
generated mouse models in which a shared set of PDAC-associated mutations were induced
in a cell type specific manner. Activation of Kras and loss of wild type Trp53 are often found
in human PDAC (Bailey et al., 2016b; Hruban et al., 1993; Scarpa et al., 1993). Therefore, |
chose to model human PDAC development by utilizing Cre-dependent conditional alleles for
Kras (Kras-S-612P allele (Tuveson et al., 2004)) and Trp53 (homozygous Trp53™1/1ox alleles
(Marino et al., 2000)) to activate Kras and ablate p53 expression, respectively. To trace the
fate of recombined cells and determine recombination specificity, I also included a Cre-
dependent yellow fluorescence protein (YFP) reporter allele (R26R--YFP allele (Srinivas et
al., 2001)). In order to selectively induce Cre-mediated recombination in adult ductal or
acinar cells in a temporal manner, | utilized the tamoxifen-inducible transgenic Sox9CreER
(Font-Burgada et al., 2015; Kopp et al., 2011) or knock-in Ptf1a®"ER alleles (Pan et al., 2013),
respectively. Through cross breeding, | generated Sox9CreER; Kras-S-"¢122; Trp53lox/flox.
R26RSEYFP (Duct: KPKC) and Ptf1aC™ER; Kras-St-612D; Trps3floiox. RogRLSL-YFP
(Acinar:KP®K®) mice (Figure 3.1A-B). Mice lacking the Kras oncogene were used as
controls (Sox9CreER; Trp531o¥lox: ROGRISLYFP or Ptf1aCreER; Trp53flovfiox: R26RISLYFP mice).
To induce recombination, I injected mice with three doses of tamoxifen beginning at three to
four weeks of age (Figure 3.2A). This tamoxifen injection protocol resulted in highly
efficient YFP labeling of Sox9" ductal or carboxypeptidase A1* (Cpal®) acinar cells in

Sox9CreER; Trp53fofiox: R2GRLSLYFP o Ptf1aCreER; Trp53fofox: R2GRISLYFP mige,
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respectively (Figure 3.3A-C and Figure 3.4A-B), four weeks after tamoxifen injection. The
labeling induced by the Sox9CreER and Ptf1a®"*ER alleles was also highly specific and
resulted in less than 2% of Cpal* acinar cells and less than 0.5% of Sox9" ductal cells being
labeled in eight week old Sox9CreER; Trp531o¢ox: R2GRESL-YFP or Ptf1aCreER; Trps3floxfox,

R26R“S-FP mice, respectively (Figure 3.3A).

To examine the effect of activating Kras and ablating Trp53 on ductal and acinar cells,
| injected a cohort of Duct:KP®© (n=19), and Acinar:KP®® (n= 9) mice with tamoxifen at
three to four weeks of age (Figure 3.2A) and monitored the animals until their humane
endpoint. Duct: KP“© mice (n=8) died within 10-13 weeks of receiving the tamoxifen
injections (Figure 3.2B). Due to the expression and activity of the Sox9CreER allele in other
organs, such as the oral mucosa, mammary gland, and lung, eleven Duct:KP® mice reached
their humane endpoint due to the presence of masses in these organs. These animals are
represented by vertical hashes on the disease specific survival curve and were excluded from
further analysis (Figure 3.2B). The remaining eight Duct:KP®© mice reached humane
endpoint due to jaundice, weight loss, and/or abdominal distension accompanied by a severe
decline in activity (Table 3.1). Upon necropsy, pancreatic tumors were often associated with
bile duct blockages resulting in jaundice, as well as metastases in the diaphragm, small bowel
penetration accompanied by hemorrhaged blood in the small bowel, and/or large amounts of
hemorrhagic or clear ascites fluid (Figure 3.5A-C and Table 3.1). Small nodules of no more
than 2mm that were unlikely to affect organ function were also occasionally observed in the
liver (Figure 3.5C and Table 3.1; 5/8 Duct:KP®K® mice) in Duct:KP®K° mice with pancreatic
tumors. However, due to Sox9 activity in the liver and the lack of markers to distinguish

cholangiocarcinoma and PDAC, the origin of these lesions could not be definitively
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identified. Collectively, these observations suggested that the shortened survival time of
these eight Duct:KPK® mice (Figure 3.2B) was directly associated with pancreatic

tumorigenesis.

Acinar:KPK® mice reached humane endpoint at 15-23 weeks post tamoxifen
injection (Figure 3.2C). Similar to Duct:KP®° mice, these mice also developed jaundice,
abdominal distensions, and/or significant weight loss (n=8, Table 3.1). Upon necropsy,
pancreatic tumors were associated with obstruction of the common bile duct, accumulation
of hemorrhagic or clear ascites fluid, or penetration of the small bowel (Figure 3.5A-C, and
Table 3.1). The lack of tumors in other organs, as well as the prominence of tumors in the
pancreas, indicated that these mice also reached humane endpoint due to pancreatic
tumorigenesis. This suggested that loss of Trp53 in the presence of activated Kras®'?P
induced tumorigenesis from both ductal and acinar cell. However, Acinar:KP®° mice had a
median disease specific survival rate that was seven weeks longer than Duct: KP®© mice (p<
0.0001) and did not have any signs of distant metastases (Table 3.1), suggesting that cell-of-

origin can affect tumor development and/or phenotype.

3.2 Loss of Trp53 in Kras®'?P-expressing ductal or acinar cells induces

PDAC

To determine whether differences in the survival outcomes of Duct:KP® and
Acinar:KP®° mice were due to different types of tumors forming in each model, |
extensively characterized the tumors formed by ductal or acinar cells. The pancreata of both
Duct:KP®K© and Acinar:KP®° mice had solid tumor nodules, ranging from small, distinct
nodes to complete displacement of normal parenchyma by tumor (Figure 3.5A, Figure 3.6A

and data not shown). Hematoxylin and eosin staining confirmed that these tumors were
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comprised of ductal or glandular structures arranged in a haphazard pattern (Figure 3.6B),
consistent with PDAC. Furthermore, tumors from Acinar:KP®° mice showed additional
tumor phenotypes, ones resembling cysts (“cystic”) or precursor lesions (“precursor-like”)
(Figure 3.7A-B and Table 3.1). Histologically, the majority of the tumors were epithelial, and
mostly of moderate or poor differentiation status. However, a range of tumor grades from
well to poorly differentiated was observed in both mouse models (Figure 3.8A). To confirm
these tumors were ductal in nature, | performed immunohistochemistry stains to detect ductal
markers, including cytokeratin 19 (CK19), Sox9, and Hnflb. These stainings revealed that all
tumors from the Duct:KPC and Acinar:KPK® mice were strongly positive for ductal
markers including CK19, Sox9 and Hnflb (Figure 3.8B, Figure 3.9 and Table 3.1). To
examine the lineage origin of these tumors, | performed immunohistochemistry staining to
detect the lineage reporter protein, YFP. Consistent with an origin from ductal or acinar cells,
tumors in Duct:KP®C and Acinar:KP®K® mice, respectively, were YFP positive (Figure
3.8B). In addition, | assessed recombination of the Kras-S-"¢12P and Trp531° alleles by PCR
on whole pancreas sections, which included non-cancerous tissue. | observed recombination
of both the Kras-S-¢12P and Trp53M°* alleles, suggesting that the tamoxifen induced
recombination of these alleles was successful (Figure 3.10A). Consistent with the
recombination results, immunohistochemistry against p53 confirmed that p53 was absent in
all tumor epithelial tissue analyzed from both Acinar:KP®© and Duct:KP*® mouse models
(Figure 3.10B-C). Together, these data indicated that both Kras®?P expressing acinar and

ductal cells contributed to PDAC in the absence of p53.
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3.3  Similar tumor burden is present in Duct:KP®© and Acinar:KP°

mouse models, but appears earlier in Duct:KP®© mice

To begin to identify factors that contribute to the differential survival outcomes of
Duct:KP®K© and Acinar:KP®© mice, | examined whether tumor size, number or location
differed between these two mouse lines at the humane endpoint. | estimated the amount of
overall tumor burden in each mouse through the use of whole section imaging to quantify the
pancreatic section area that was displaced by tumor. In parallel, I also quantified the sizes of
individual tumors by measuring the maximal cross-sectional diameter. Although the overall
pancreatic area displaced by tumor varied from animal to animal, the average tumor burden
was similar between Duct:KP®C and Acinar:KP®° mice (Figure 3.11A and Table 3.1). In
addition, I found that the numbers of tumors that developed and the sizes of these tumors in
Duct:KP®K© and Acinar:KP®° mice were not significantly different (Figure 3.11B-C).
Furthermore, 1 also examined whether preferential location of tumors near the common/main
duct in the pancreatic head and induction of cholestasis could explain the survival differences
in Duct:KPK© or Acinar:KP®© mice. Our necropsy analysis indicated that bile duct
constriction/obstruction and jaundice was observed in certain cases and most likely resulted
in reduced survival times for some animals, however, the frequency of these events in
Duct:KP© and Acinar:KP®° mice were similar (Table 3.1). Consistently, our
quantification of tumor location in the pancreatic head, body and tail showed that tumors
from both acinar and ductal cells were similarly biased to the pancreatic head/body (Figure
3.11D). Together these data suggested that differences in survival between Duct:KPK© and
Acinar:KP®® mice cannot solely be attributed to tumor burden or location. However, one

striking difference between the two models was that the maximal tumor burden occurred
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earlier in Duct:KP<° compared to Acinar:KP®® mice (Figure 3.11A), which suggested that

tumor initiation and/or development may be the cause of the survival difference.

3.4 Duct:KP®™° mice develop tumors earlier than Acinar:KP*° mice.

To study early tumor initiation in Duct:KP®© and Acinar:KP° mice, | injected
mice of both genotypes plus controls at three to four weeks of age with tamoxifen and then
collected the pancreata from Duct:KP<C and Acinar:KP® mice at time points prior to the
median survival time of Duct:KP®® and Acinar:KPK® mouse lines (specifically, between 2
to 8 or 4 to 16 weeks post injection, respectively) (Figure 3.12A). Using these earlier
timepoints, | next asked whether ductal cell derived tumors were initiated earlier than those
from acinar cells. To do this, | stained pancreatic sections from the early timepoints with
H&E and then quantified the numbers and sizes of the tumors. These analyses revealed
considerable differences in the timing of tumor development in Duct:KP® compared to
Acinar:KP®© mice. In two Duct:KP® mice, a small number of focal tumors less than Imm
in size were observed as early as four weeks after tamoxifen injection and the tumors steadily
increased in size and number over the course of the timepoint analysis (Figure 3.13A-B). In
contrast, no tumors were observed in Acinar:KP© mice until eight weeks post tamoxifen
injection (Figure 3.12B-C, arrowheads and Figure 3.13A-B). No obvious patterns of growth
could be identified following tumor initiation at 8 weeks post tamoxifen injection, as there
appeared to be extensive variation in both tumor size and number (Figure 3.13A-B). Taken
together, these data suggest that differences in PDAC initiation resulted in the survival
difference between Duct:KP®© and Acinar:KP° mice. In support of this, the four week
delay in tumor initiation in Acinar:KP®° mice approximately matched the difference in time

(34 days) between the first animals of each model succumbing to the disease (Figure 3.2B).
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In sum, tumors in Duct:KPK® mice were initiated at earlier time points, which | hypothesize

resulted in the extended survival of mice with acinar cell derived tumors.

To further test whether differences in PDAC initiation and not tumor growth
explained the distinct survival outcomes of each mouse model, | examined the rates of
proliferation and apoptosis. To do this, | stained representative tumor sections at various
timepoints and of various sizes for Ki67 (a proliferation marker) and cleaved caspase 3 (an
apoptosis marker). | found that the extent of Ki67 and cleaved caspase3 positivity did not
differ in tumors from either mouse line (Figure 3.14A-C). This suggests that the accelerated
tumor development in the Duct:KPK® mouse model is a result of differences in initiation and

not accelerated tumor growth in Duct:KP®® mice.

3.5 High-grade mPanlINs are found in both models, but Duct:KP®° mice

lack low-grade mPanINs

Since the initiation of PDAC from ductal cells appeared to be much earlier than
initiation from acinar cells, | next examined whether differential tumor initiation was a result
of differences in precursor lesion initiation or progression. Development of pancreatic cancer
is associated with the formation of precancerous lesions, called pancreatic intraepithelial
neoplasia (PanIN) (Brat et al., 1998). PanINs are thought to go through a low-grade to high-
grade progression scheme with the high-grade lesions, or carcinoma in situ, acquiring loss of
tumor suppressors, such as Trp53 (Figure 1.1) (DiGiuseppe et al., 1994; Wilentz et al., 2000;
Yamano et al., 2000). To quantify potential differences in mPanIN initiation or progression, |
quantified the number of mPanINs present per representative section at two, four, six, and
eight weeks after tamoxifen injection for Duct:KP®° mice and at four, six, eight, twelve and

sixteen weeks post-injection for Acinar:KP®K® mice. All abnormal duct-like glands with a
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lumen were classified as acinar-to-ductal metaplasia, mPanIN1, mPanIN2, or mPanIN3 (see
methods for more details) (Figure 3.15A-B). To strictly quantify precancerous lesions,
glandular structures directly associated with PDAC were excluded from this analysis. The
number and grade of mPanINs in each group at the indicated time points were then graphed
as a circle representative of the average number of mPanINs (Figure 3.16A). Because the
largest number of mPanIN present per section per Acinar:KP®° mouse was the mPanIN1
group at sixteen weeks post injection (approximately 200), this sample was set to 1 as the
point of comparison (Figure 3.16A, bottom right-hand corner). | observed low-grade mPanIN
as early as four weeks post injection in Acinar:KPK® mice and these numbers increased with
time. Simultaneously, | observed high-grade mPanIN in Acinar:KP®® mice beginning at
four weeks post injection that then became more numerous at later ages with over twenty
mPanIN3 lesions per section per mouse. In addition to finding mPanIN of all grades,
Acinar:KP®° mice also tended to display a much greater capacity to develop ductal
metaplasia, as demonstrated by the higher ratio of abnormal (non-tumor) metaplastic ductal
area per total pancreatic area (Figure 3.16B). In spite of the abundance of precursor lesions,
Acinar:KP®© mice did not develop significantly more PDAC than Duct:KP®® mice (Figure
3.11B-C and Figure 3.13A). This suggested that although acinar cells readily transition into

mPanlIN lesions, few of these hyperplastic/metaplastic ducts ever become neoplastic.

Kopp et al. (2012) and others have previously shown that Kras®'?P-expressing ductal
cells can generate small numbers of low-grade PanIN lesions (at most 10 mPanINs per
mouse (Kopp et al., 2012; Ray et al., 2011)). However, in the absence of Trp53, ductal cells
did not form any low-grade mPanIN and primarily formed small numbers of high-grade

mPanIN3 lesions, at a frequency of approximately one per section per mouse by 4 weeks
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post tamoxifen injection (Figure 3.15A-B and Figure 3.16A-B). This suggests that unlike
Acinar:KP®© mice, Duct:KP®™° mice expressing Kras®?? in the absence of p53 rapidly
initiated carcinomas without simultaneously developing low-grade precursor lesions.
Because oncogenic Kras alone frequently induces low-grade mPanINs from acinar cells, |
next examined whether the presence of low-grade mPanlIN in the acinar cell-specific model
was due to inefficient recombination of the Trp53° alleles (Figure 3.17A). Recombination
of the R26R™S-YFP reporter allele is not always indicative of successful recombination at the
Trp53 loci due to differences in genetic context (Coppoolse et al., 2005; Vooijs et al., 2001;
Zheng et al., 2000), therefore | immunohistochemically stained for p53 expression to use as a
surrogate marker for Trp5371°¥Mox allele recombination. These analyses revealed that
carcinoma-in-situ (mPanIN3) from both Acinar:KP®® and Duct:KP®° mice, like PDAC
(Figure 3.10B), did not express p53 (Figure 3.17B). Protein p53 expression was also lost in
some low-grade acinar cell derived mPanINs, which suggests that low-grade mPanIN can
form from acinar cells in the absence of p53. However, low-grade PanIN were more variable
in their p53 positivity suggesting that some may also arise as a result of inefficient
recombination at the Trp53 locus (Figure 3.17C). Together, these data suggest that the grade
of mPanINs generated prior to PDAC initiation from Kras®'?P-expressing acinar cells may
be distinct from that of ductal cells in the absence of p53 (Figure 3.17C). In sum, these
results were congruent with a previous finding reporting that acinar cells expressing Kras®'?P
and single copy mutant Trp53 continued to form low-grade mPanIN lesions (Bailey et al.,

2016a), like those described here (Figure 3.16A).

Unlike low-grade mPanIN, high-grade mPanINs were observed in Duct:KP®© mice

by four weeks post tamoxifen injection. Furthermore, the quantity of high-grade lesions
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present were comparable to numbers found in Acinar:KP®© mice at the same time point.
Although mPanIN3 lesions were present at similar numbers in each mouse model, at four
weeks post-injection, pancreata from Duct:KP®© mice already contained invasive PDAC
(Figure 3.13A). The number of mPanIN3 lesions in Duct:KPK® remained similar over the
next four weeks and tumors accumulated rapidly over the same time frame (Figure 3.13A).
This suggested that as mPanIN3 lesions from ductal cells were induced, they quickly became
invasive, which resulted in the earlier demise of Duct:KP®° mice (Figure 3.13A and Figure
3.2B). However, in Acinar:KPK° mice, the number of mPanIN3 lesions increased and
accumulated from 4 to 16 weeks post tamoxifen, but the number of tumors did not increase
until eight weeks post tamoxifen injection (Figure 3.16A). This suggested that although both
mouse models have mPanIN3 lesions, the tumorigenic potential of the ductal-cell-derived
lesions was greater than those derived from acinar cells. Thus, the reduced survival time of
Duct:KP®® mice compared to Acinar:KP®® mice may be due to the increased propensity of
Kras®2P-expressing ductal cells to induce mPanIN3 and convert to PDAC in the absence of

p53.
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Figure 3.1 Schematic describing the alleles utilized to generate the Sox9CreER;

KrasLSL-GlZD- Trp53flox/flox- R26RLSL-YFP and PtflaCreER- KrasLSL-GlZD- Trp53flox/ﬂox-

B

“ Acinar: KP<9 ”

- CreER™| E1 —E2

Pifla“ et K nock-in allele

E2-E10||:>|E11|—

Trp53"” Conditional Knock-out allele

Kras™-61°0 Knock-in Allele

R26RITFP Knock-in Allele

l+TIV|

Tl’p53 delet]on - “P” KraSGJZD _ ch”

C ) vee]

R26R“S-YFP mouse models used in this study.
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Figure 3.1 Identical genetic mutations (oncogenic Kras®'?P expression and Trp53 deletion)
were targeted to different cell types of the pancreas. Tamoxifen (TM) injection induces
nuclear localization of the CreER protein and results in Cre-mediated DNA recombination
and expression of oncogenic Kras®'?P from the Kras--¢12P allele (“K”), deletion of exons 2-
10 from the Trp53M° allele (“PK°”), resulting in loss of p53 expression. A) The expression
of the CreER gene was driven by the Sox9 promoter in the ductal cell specific model
(abbreviated as “Duct:KP®°”). B) The expression of the CreER gene was driven by the

Ptfla promoter in the acinar cell specific model (abbreviated as “Acinar:KP®°”),
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Figure 3.2 The disease specific survival of mice in which oncogenic Kras®?P is

expressed and Trp53 is ablated in a ductal or acinar cell specific manner differs.

A) Duct:KPO (n=19) and Acinar:KPK® (n= 9) mice were injected three times on
alternating days with tamoxifen (TM) beginning at three to four weeks of age. The mice were
monitored until they reached their humane endpoint to determine survival duration. B) The
median disease specific survival of Duct:KPK® mice was 82 days, which was significantly
shorter than the Acinar:KP© mice at 128 days (p<0.0001). Mice euthanized for non-

pancreatic reasons were censored (hash marks). p.i., post tamoxifen injection.
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Figure 3.3 Sox9CreER and Ptf1aC™ER alleles induces highly cell type specific

chromosomal recombination in ductal and acinar cells, respectively.
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Figure 3.3 The specificity of both mouse lines was assessed using immunofluorescence to
detect colocalization of the lineage label YFP with either ductal or acinar cell specific
markers such as Sox9 or Cpal, respectively. A) Recombination was found to be highly
specific, with less than 2% of Cpal™ acinar cells and less than 0.5% of Sox9* ductal cells
being labeled in Sox9CreER; Trp53M1o/iox: R2GRLSLYFP or Ptf1aCreER; Trp53flovfox: R2GRLSL
YFP mice, respectively. Furthermore, recombination of the R26R"-"Y"" allele was also found
to be highly efficient, 94% ductal cell recombination for Sox9CreER; Trp531/flox, R26RLSL:
YFP mice and 60% acinar cell recombination for Ptf1aC"ER; Trp53Mo¥flox: R2ER-SLYFP mice
Nine sections were analyzed from three animals per model to determine co-localization of
YFP with Sox9 in Sox9CreER; Trp531o/lox: R26RLSYFP pancreata, or YFP with CPAL in
Ptf1aC"eER; Trp53foviox: R26RISLYFP pancreata. A) Sox9CreER; Trp53Mlovflox: RogRLSL-YFP
mice showed highly efficient recombination in ductal cells (93.6%) and minimal off-target
recombination in acinar cells (2.0%). Similarly, Ptf1ac"ER; Trp53floflox: ROGRESL-YFP mice
showed efficient recombination in acinar cells (56.9%) and minimal off-target recombination
in ductal cells (0.4%). B and C) Co-immunofluorescence staining for Sox9 and YFP in the
ductal cell specific model and Cpal and YFP in the acinar cell specific model demonstrated

target cell type specificity. Scale: 100 um (B-C).
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Figure 3.4 Sox9CreER and Ptf1ac™ER alleles exhibit little to no off-target recombination.

Six sections were analyzed from two animals per model to determine co-localization of YFP
with CPA in Sox9CreER; Trp53fo¢iox: R26R-SLYFP pancreata, or YFP with Sox9 in
Ptf1aC"eER; Trp53fovilox: R26RLSYFP pancreata. Co-immunofluorescence staining for A)
Cpal and YFP in the ductal cell specific model and B) Sox9 and YFP in the acinar cell

specific model, demonstrated minimal off-target recombination. Scale: 100 um (A-B).
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Figure 3.5 Duct:KPO and Acinar:KP®C mice develop distally and locally invasive

tumors.
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Figure 3.5 A) Representative gross pathological photographs of mouse pancreata from
Sox9CreER; Trp53fio¥flox: R2GRLSLYFP mice (Control), Duct:KP® mice, and Acinar:KPK©
mice. Tumors have a dull, and nodular appearance compared to normal pancreatic
parenchyma, which has a uniform color and consistency. White or black dashed lines outline
either normal parenchyma or tumors, respectively. B) Tumor has been shown to invade into
distant tissues, such as the diaphragm. C) Small adenocarcinomas were occasionally found in
the livers of Duct:KP®© mice. However, liver Sox9 activity precluded metastasis analysis in
this organ, as there are no known markers to distinguish cholangiocarcinoma from metastatic
PDAC. Invasion into nearby tissues such as the D) spleen, intestine or nerves was frequently
observed. Boxed area in D) spleen is shown in the inset, stained with CK19 from a nearby
section. The approximate border between PDAC and the tissue being invaded into is
demarcated by a black dashed line. The location of normal tissue is indicated by “#” and

tumor cells are marked by arrowheads. Scale bars: 5 mm (A), 100 um (B-C).
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Whole Slide Image
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Figure 3.6 Duct:KP®© and Acinar:KP®C° mice develop morphologically similar tumors

that exhibit haphazard ductules interspersed in stroma.

A) Representative whole slide images of H&E stained Sox9CreER; Trp53fio¥flox: R2gR-SL-YFP
(Control), Duct:KP®€© and Acinar:KP®C pancreata. Tumors are outlined in dashed lines. The
pancreatic tail and head are located at the top and bottom of the image, respectively. B) H&E
staining of pancreata from Control, Duct:KP®C and Acinar:KPK® mice show that both
Duct:KP®K® and Acinar:KP®° develop tumors more similar to ductal cells than acinar cells

and possess morphologies typical of PDAC. Scale bars: 5 mm in A, 100 um in B.
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Figure 3.7. Acinar:KPkO tumors a display precursor-like or cystic tumor phenotype in

addition to the typical ductal epithelial phenotype of ductal adenocarcinoma.

Whole pancreatic sections were scanned and analyzed for the presence of different tumor
phenotypes at humane endpoint. A) Common to both models were the adenocarcinoma
phenotype, shown with an abundance of haphazard ductules interspersed within some stroma.
The precursor-like phenotype was defined as tumors with a significant number of columnar,
hypermucinous ductules resembling those from low-grade mPanIN lesions (mPanIN1 or
mPanIN2). The cystic phenotype was defined as tumors with large cystic cavities lined with

a single layer of cuboidal or columnar epithelium that may be somewhat mucinous. B)
Magnified view of boxed area shown in A) of observed PDAC phenotypes.

Scale: 200 pm (A) and 50 um (B).
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Figure 3.8 Duct:KPO and Acinar:KP° develop PDAC tumors of varying

differentiation status.
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Figure 3.8 A) Differentiation status was evaluated based upon how glandular and structured
the PDAC appeared. The differentiation status ranged from well to poorly differentiated and
different classifications could be observed in the same tumor. Every classification from well
to poorly differentiated was observed in both Duct:KP<© and Acinar:KP®° mouse models.
B) Immunohistochemical staining for CK19 and YFP verified the duct-like nature and

cellular origin, respectively, of PDAC formed in Duct:KP®© and Acinar:KP®® mice. Scale

bars: 50 um (A-B).
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Figure 3.9 Wide field-of-view images from representative tumors of Duct:KP®° and

Acinar:KP®<C mice.

Both Duct:KPC and Acinar:KP® mouse lines seen in A) and B), respectively, show ductal
marker (Hnflb and Sox9) expression in tumor epithelial cells. Note that the stroma is
negative for ductal markers and is interspersed amongst the haphazard PDAC ductules.

Scale: 200 um (A-B).
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Figure 3.10 Confirmation of p53 ablation by PCR and immunohistochemistry.
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Figure 3.10 A) Whole pancreas formalin fixed paraffin embedded (FFPE) sections,

including normal stroma, parenchyma and tumors from Duct:KP<© and Acinar:KP<©

mouse models were deparaffinzed, digested and genotyped to confirm, in a non-quantitative

manner, recombination of the Kras-S-6120* and Trp5311o¥ox glleles. Trp5319¢1% mice were

not exposed to tamoxifen and therefore no recombination was observed, as expected. Wild-

type pancreata were used for the KrasV™T and Trp53W™T controls. B)
Immunohistochemistry against p53 was carried out on PDAC and spleens from both
Duct:KP®© and Acinar:KP®° mouse models. Tumor cells from both Duct:KP<° and
Acinar:KP®® mice were found to have lost p53 expression in almost all cases, with rare
exceptions. However, p53 expressing cells were observed in the stroma, as well as in the
splenic white pulp, and were used as positive control (representative image from
Acinar:KP®© mouse line shown). C) Magnified view of boxed areas in B), showing a lack
of p53 expression in tumor epithelial cells, but p53 positivity from cells in the stroma

(arrows). Scale bars: 50 um (B-C).
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Figure 3.11 PDAC tumors from both Duct:KPKO and Acinar:KP®° models show

similar tumor burden, sizes, numbers, and subsite distribution, but ductal cell derived

PDAC is observed earlier.
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Figure 3.11 A) Quantification of tumor burden at the humane endpoint (survival cohort)
between Duct:KP®C and Acinar:KP®K° mice revealed that both mouse models have similar
amounts of pancreatic area displaced by tumor area (y-axis, 65.9 + 8.7%, 59.9 + 9.7%,
respectively and p=0.43). However, tumors were observed earlier in Duct:KP®© (x-axis,
median 82 days post tamoxifen injection) compared to Acinar:KP®® mice (median 128 days
post tamoxifen injection). B) Quantification of the number of tumors present per mouse at
the humane endpoints for the Duct:KP®€© and Acinar:KP®° mouse survival cohort (6.0 *
0.8, 5.1 + 0.5, respectively and p=0.58). C) Quantification of the largest cross-sectional
diameter (tumor size) for each tumor found in Duct:KPK® and Acinar:KP®° mice 3.8 +
0.5mm, 4.5 + 0.8mm, respectively, and p=0.63). D) Radar diagram indicating the percentage
of tumors found in pancreatic head, tail, or body for the Duct:KP®® and Acinar:KP®
survival mouse cohort. The black line indicates what would be expected if tumors were
randomly initiated in the head, tail and body (33% per subsite). Similar to human tumors,
tumors in Duct:KP®© and Acinar:KPK® mice are more likely to be found near the head of

the pancreas.
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Figure 3.12 Quantification of tumor development in Duct:KP© and Acinar:KPO mice.
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Figure 3.12 A) Schematic describing the experimental design. Duct:KP®© and
Acinar:KP®° mice (n=3 for 2 wk p.i. Duct:KPK® mice and n= 4 for others) were injected
with tamoxifen at 3-4 weeks of age and euthanized at 2, 4, 6 and 8 weeks post injection (p.i.)
or 4,6, 8, 12, and 16 weeks p.i. for Duct:KP®K® or Acinar:KP®© mice, respectively.
Representative whole section images of H&E stained tumors from B) Duct:KP®<© and C)
Acinar:KP®€© mice at different time points post tamoxifen injection. Arrowheads indicate the
location of tumors. B) Duct:KPK® mice developed small focal tumors as early as four weeks
post injection. The number and size of the tumors further increased at six and eight weeks
post injection. C) Acinar:KP®© mice developed small focal tumors after six weeks post
injection. The number and size varied increased between 12 and 16 weeks post-injection.
Ductal metaplasia comprised of small ductules and PanINs maintaining a lobular
organization progressively increased from four to sixteen weeks post injection and displaced

normal acinar cells in the pancreata from Acinar:KP° mice. Scale: 5 mm (B-C).
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Figure 3.13 Tumors are present earlier and accumulate more rapidly in Duct:KP<©

compared to Acinar:KP° mice.
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Figure 3.13 A) Quantification of the number of tumors present in Duct: KPK® and
Acinar:KP®© mice revealed that Duct:KP®® mice developed tumors two weeks earlier than
Acinar:KP®© mice. In addition, the number of tumors present increased consistently earlier
in Duct:KPK° mice compared to Acinar:KP®° mice. B) Quantification of cross-sectional
diameter of individual tumors (tumor size) in Duct:KP®© and Acinar:KP®° mice at different
time points suggests that ductal-cell-derived tumors expanded rapidly between the four week
span between four to eight weeks post tamoxifen injection (boxed). The size of acinar cell
derived tumors were similar at 12 weeks post injection with the Duct: KP®© six week time

point.
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Figure 3.14 Tumors in Duct:KP© and Acinar:KP®°© mouse models do not significantly

differ in cellular proliferation (Ki67) or apoptosis (CC3).
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Figure 3.14 Both Duct:KP®®and Acinar:KP®° mouse models were analyzed for differences
in growth by staining for Ki67 (proliferation marker) and cleaved caspase 3 (CC3, apoptosis
marker). A) Representative images of Ki67 classification into groups of varying positivity
levels. High positivity (>70% positive), moderate positivity (30-70%), weak positivity (1-
30%) and no positivity (0%. not shown) were assigned to each tumor belonging to mice of
varying ages. B) Quantitative analyses of tumors from Duct:KP*“© and Acinar:KP®© models
revealed that Ki67 expression in duct and acinar cell derived tumors were similar. C) Tumors
analyzed from both Duct:KP®® and Acinar:KP®° mouse models had uniformly low, to no

positivity for CC3 expression. Scale bar: 100 um.

51



Normal Duct

mPanIN3

Duct:KPC"O
AN J

mPaIN3

Ay

Acinar:KP”KO

Figure 3.15 Concomitant Kras®?P expression and Trp53 loss induces a spectrum of

mPanIN lesions from acinar cells but only high-grade mPanIN lesions from ductal cells.

A) Representative H&E images of a normal duct (arrowhead), mPanIN2 and mPanIN3
lesions (arrowhead) found in Duct:KP®° mice; no mPanIN1 lesions were found in the

tissues analyzed. B) Representative H&E images of mPanIN1, mPanIN2, and mPanIN3

lesions observed in Acinar:KP®C mice. Scale bar: 50 pm (A-B).
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Figure 3.16 Acinar:KPO mice display evidence for mPanIN accumulation and

progression while Duct:KPKO mice only form high-grade precursor lesions (PanIN3).

A) Quantification of the number of mPanIN lesions of each grade at different time points in
Duct:KP®KC and Acinar:KP° mice. Since the number of mPanIN1 in the Acinar:KP® line
at 16 weeks post injection had the highest number of lesions in our analysis, its relative size
in the figure was used as the standard size and all remaining circles represent the fraction of
mPanIN present relative to the standard. B) Acinar:KP®° mice can develop more
metaplastic ducts and lesions than Duct:KP© mice, as shown by its higher ratio of

abnormal (non-tumor) to total pancreatic area at humane endpoint.
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Figure 3.17 Representative images of p53 expression in precursor lesions from Duct: KP©

and Acinar:KPK° mouse models.
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Figure 3.17 To confirm that the presence of low-grade mPanIN lesions in the Acinar:KP©

mouse model was not due to inefficient recombination, p53 expression in mPanIN of various

grades from both the ductal and acinar cell specific models was analyzed. A) Schematic
detailing two possible models to explain observed differences in mPanIN initiation and
progression between Duct:KP®€© and Acinar:KP®° mice. B) Near uniform loss of p53
expression was observed in high-grade lesions (mPanIN3, carcinoma-in-situ) from mouse
models of both cell types. C) Low-grade Acinar:KPK° lesions (mPanIN1 and mPanIN2)
showed variable p53 expression; some still expressed the tumor suppressor protein, p53,
while others did not. Immune and stromal cell infiltrates were often positive for p53 and

served as an internal positive control. D) Magnified view of mPanIN3 from Acinar:KPK©

and Duct:KP®© mice and mPanIN1/2 from Acinar:KP®® mice, previously shown in A-C.

Scale bars: 50 um in A-C.
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Table 3.1 Observed phenotypes from the survival cohort of Duct:KP®© and
Acinar:KPKO mice at humane endpoint.

Distant Local
Met invasion
—~ 5 > 8=~
s | <= 3 g &£ &8/ 2g S| & ELE
= AR RNl ol z SRS
144 | 71 X | XX X +++ | 0/7 90
107 72 | X | X X +++ | 0/4 41
469 | 75 | X | X X B | +++ | 0/10 48
%; 499 | 78 X X | B | +++ | 0/4 92
‘10‘33 433 | 82 X X w08 | 87
479 | 84 X | X[ X X | B | +++ | 0/5 86
477 87 +++ | 0/5 42
369 90 X +++ | 0/5 42
97 105 | X +++ | 3/5 18
23 121 X +++ | 0/5 49
° 94 124 C| +++ | 3/8 41
E 27 125 X +++ | 1/3 98
g 100 | 128 | X +++ | 3/5 69
= 52 140 | X X | X +++ | 1/5 41
92 146 X X | B | +++ | 0/4 82
33 | 160 X|X|X|C|+++ | 0/6 82

B = hemorrhagic (bloody) ascites fluid, C = clear ascites fluid, +++ = strong positive staining
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Chapter 4.  Discussion

| have shown that both ductal and acinar cells can give rise to PDAC when they are
expressing oncogenic Kras®*?P in the absence of Trp53. Unlike prior studies, | specifically
examined cell of origin derived effects by inducing identical mutations in a cell-type specific
manner. Although previous non-cell type specific and few cell type specific studies have
shown that oncogenic Kras and p53 loss or mutation can rapidly induce PDAC (Bailey et al.,
2016a; Bardeesy et al., 2006; Guerra et al., 2011; Hingorani et al., 2005), little is known
about the impact of distinct cells of origin on tumor initiation, development and other tumor
characteristics. In this study, | found that pancreatic ductal and acinar cells developed PDAC
differently despite harboring identical initiating mutations. This suggests that cell of origin
alone can significantly impact PDAC development, and provides insight into alternative

pathways for tumor development.

4.1  Cell of origin and genotype affects PDAC initiation and development

| have demonstrated that both ductal and acinar cells expressing Kras®?® in the
absence of p53 expression can give rise to PDAC, however, they do so with different
developmental patterns. Kras®'?P-expressing ductal cells that have lost p53 expression
initiated ductal carcinoma-in-situ (mPanIN3) rapidly and PDAC more efficiently without
accompanying low-grade mPanIN formation; thus, resulting in a shortened survival time for
this mouse model. In contrast, acinar cells with protumorigenic mutations (Kras®*?P
expression with Trp53 deletion), a combination thought to be present only in high-grade
lesions and PDAC (DiGiuseppe et al., 1994; Yamano et al., 2000), could still form low-grade
mPanlIN lesions similar to those found in Kras®'?P-only models (in addition to few

carcinoma in situ, mPanIN3). These observations suggest a fundamental difference in the
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developmental events occurring prior to PDAC forming from acinar versus ductal cells. On
the one hand, acinar cells appear to require a transition through low-grade mPanIN to high-
grade mPanIN before initiating PDAC. It suggests that mPanINs may be a part of an
obligatory transition process between acinar cells and a transformed ductal-like cellular
identity, regardless of the mutations present. The extended mPanIN transition negotiated by
acinar cells, in turn, delays tumor initiation and subsequently prolongs survival in the
Acinar:KP®© mice compared to the Duct:KP® mice. On the other hand, ductal cells
appeared to form low-grade mPanlIN, albeit rarely, in the presence of oncogenic Kras only
(Kopp et al., 2012; Ray et al., 2011). However, ductal cells may directly form carcinomas
(mPanIN3 or PDAC) when stimulated by specific protumorigenic mutations— such as
Kras®?P in the absence of Trp53. This suggests that ductal cells could initiate PDAC by
transition through a low-grade mPanIN state (like those observed by Kopp et al. (2012) and

Ray et al. (2011)), if the Kras and Trp53 mutations had occurred sequentially.

An argument could be made that the coarse nature of my time point analysis (2, 4, 6,
and 8 week in Duct:KPK© and 4, 6, 8, 12, and 16 week in the Acinar:KP*® model)
precluded the observation of low-grade ductal cell derived precursor lesions earlier on.
However, even as tumor numbers continued to accumulate rapidly between 6 and 8 weeks
post tamoxifen injection, no low-grade mPanIN1 were ever observed, and mPanIN3s also
failed to accumulate over these time points. Analysis at a timepoint preceding the earliest
observed tumor (ie. 4 weeks p.i.) found the pancreata of Duct:KP®° mice to be
phenotypically normal at 2 weeks p.i., showing no tumors or lesions. This reinforced the
notion that unlike ductal cells that only expressed Kras®?P (Kopp et al., 2012), ductal cells

expressing Kras®'?P that simultaneously lose Trp53 do not form any low-grade mPanIN
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lesions but proceed to directly initiate carcinomas (mPanIN3 or PDAC). Similar observations
were made in a previous study using a Hnf1bC"ER; KragtSt-612D; Typ53LSL-RIT2HILSL-R172H
mouse model, a model that targets ductal cells. In this study, the Hnf1b®"ER driven model did
not form any mPanIN lesions — contrary to the rare carcinoma in situ that | report here.
However, the lack of distinguishable mPanIN in their study could be explained by differing
methodologies, their use of mutant gain-of-function Trp53R*"2H rather than Trp531°%,
different drivers/mouse backgrounds, or other side effects due to the whole body loss of
functional p53 (Bailey et al., 2016a). In the future, precursor specific lineage tracing studies
may elucidate the different roles of ductal versus acinar cell derived mPanINs in PDAC
initiation and development. For now, evidence suggests that ductal cells can give rise to

mPanlIN lesions, but unlike acinar cells, they may not always need to do so.

The reports | have mentioned thus far seem to firmly suggest that low-grade mPanIN
lesions are more relevant for acinar cells than for ductal cells. Current evidence suggests that
unlike acinar cells, low-grade mPanIN formation is not compulsory for ductal cells and in
fact, any low-grade mPanIN that have emerged from ductal cells have not been directly
linked to PDAC formation — casting further doubt on the relevance of low-grade ductal cell
derived mPanIN and their initiation of PDAC (Bailey et al., 2016a; Kopp et al., 2012; Ray et
al., 2011). However, unpublished data from our lab showed the direct emergence of PDAC
from areas which morphologically resemble mPanIN1 or mPanIN2 lesions in a SOox9CreER;
Pten/1o* mouse model. This suggests that ductal cells can and do form mPanlIN lesions of
varying grades (mPanIN1-3) that directly contribute to tumorigenesis after a significant
latency (>6 months), but only do so under appropriate genetic and microenvironmental

conditions. These specific conditions appear to be different from those needed by acinar cells,
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and have not been examined to date. Future studies interrogating the role of cell of origin in
PDAC may begin to elucidate mechanistic differences behind ductal cell versus acinar cell
initiated PDAC, and whether mPanIN from both cell types are functionally and
transcriptionally equivalent despite the different genetic contexts in which they have been

observed.

4.2  Pan-pancreatic mouse models of PDAC may initiate tumors from

multiple cells of origin

Much work has been done to characterize the specific effects of genetic mutations on
PDAC initiation and development, with most studies using pan-pancreatic mouse models
such as Pdx1-Cre and Ptfla-Cre recombinase drivers in combination with oncogenic Kras
and loss/mutation of p53. However, evidence provided in a study by Bailey et al. (2016a) and
evidence from this study would suggest that ductal and acinar cells actually respond
differently depending on the type of Trp53 mutation made and whether one or both alleles of
Trp53 were lost (Bailey et al., 2016a). Bailey et al. (2016a) found that acinar cells targeted
by Mist1CTER: KrastSt-G12D: Trp53LSL-RIT2H* rapidly developed PDAC and succumbed to the
disease less than 12 weeks after tamoxifen induced recombination. Similar mutations with
ductal cells (HnflbCreER; Kras-S-"¢12P; Trp53-SL-R172H*) showed no phenotype up to three
months post tamoxifen induced recombination. This was in stark contrast to the response of
acinar cells to these mutations and further study demonstrated that ductal cells required
homozygous Trp53 mutations (Hnf1bCreER; Kras-St-612D; Trp53LSL-RIT2HILSL-RIT2H) 14
similarly match the survival and phenotype of the acinar cell specific model. In contrast,
evidence presented in this study has shown that simultaneous homozygous Trp53 deletion in

acinar or ductal cells expressing oncogenic Kras®'?P |eads to tumor development. In light of
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these recent observations, there may be cell of origin specific effects at play in pan-
pancreatic mouse models that have been previously unrecognized. For instance, whereas the
first tumors observed in Pdx1-Cre; Kras-St-612D/*: Trp53flo¥+ or ptf1atre*; KrastSt-6120;
Trp53RY72H7* could be acinar cell derived, initial tumors found in Pdx1-Cre; Kras-St-612D/*:
Trp53fio¥iox and Ptflace’*; Kras-S-6120; Trp53R172HRI2H mjce could instead be ductal cell
derived due to faster carcinoma initiation from this cell type, as | have demonstrated in this
thesis. However, other confounding factors such as any effect of the embryonic context, may
complicate whether observations in cell type specific models could be simply extrapolated to
the embryonic induced pancreatic cancer models. Because pancreatic tumors are likely
initiated within a mature adult pancreatic environment, my studies emphasize the need to

conduct studies in the adult context with specific cell types.

4.3  Cell of origin alters response to oncogenic stimiuli

| have shown that ductal and acinar cells respond differently when Kras®?P is
expressed and Trp53 is deleted. Ductal cell specific mouse models developed no PDAC up to
16 months of age when only Kras®*?P expression is induced (Kopp et al., 2012), but rapidly
developed PDAC in the absence of Trp53. In contrast, one study reported that acinar cells
expressing Kras®'?P gave rise to PDAC by 12 months of age (Guerra et al., 2007), and by 4.5
months of age, when Trp53 is lost. Collectively, these findings suggest that ductal cells and

acinar cells can respond differently when subject to similar oncogenic stimuli.

Despite only developing few mPanIN when Kras®'?P is induced (Kopp et al., 2012;
Ray et al., 2011), studies using pancreatic ductal epithelial cell (PDEC) cultures found that
Kras®'?P expression resulted in increased cellular proliferation and suppressed p16-mediated

senescence (Agbunag and Bar-Sagi, 2004; Diersch et al., 2016; Lee and Bar-Sagi, 2010).
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These findings suggested that oncogenic Ras expression may prime the cell for tumor
initiation. In agreement with this, Bailey et al. (2016a) observed no pancreatic changes in
HnflbCreER; Kras-S-¢12P; Trp53M1°* mice up to three months post tamoxifen exposure.
However, loss of both copies of Trp53, as in the Duct: KP®®© mouse model, resulted in rapid
tumor initiation. This suggests that p53 in ductal cells may be haplosufficient and retain
enough function to suppress Kras®*?® mediated pro-proliferative signaling. Taken together, it
appears that although ductal cells rarely form mPanIN upon oncogenic Ras expression,
changes may be occurring which permit rapid proliferation and tumor initiation once

conditions become favorable, such as a total loss of Trp53.

Acinar cells make up over 85% of the pancreas, forming the dominant cell population.
Assuming Kras-S-612D recombination levels are similar to those of R26R"-YF my
quantification would suggest that approximately 60% of all acinar cells were recombined and
therefore express oncogenic Ras. Thus, it is expected that a significant number of acinar cells
express Kras®2P and form mPanIN. In spite of this, | only observed less than 300 mPanINs
at 16 weeks post tamoxifen injection in the Acinar:KP© mouse model. Potential
explanations for this may be due to: a lower sensitivity to Kras oncogene expression, a
requirement for embryonic program upregulation, and a presence of intrinsic arrest
mechanisms in acinar cells. First, research has shown that oncogenic Kras expression in
acinar cells requires inflammatory signaling to hyperactivate Kras to drive mPanIN
formation (Daniluk et al., 2012). Therefore, establishment of the necessary feed-forward
signaling to hyperactivate Ras may delay mPanlIN initiation. Second, acinar-to-ductal
reprogramming may add latency to mPanIN formation due to a requirement to promote

embryonic ductal/progenitor programming. This is evidenced by studies showing that
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expression of factors associated with embryonic programming drives mPanIN formation, and
loss of such factors prevented mPanIN formation (De La O et al., 2008; Kopp et al., 2012).
Finally, acinar cells could also have numerous cell intrinsic arrest mechanisms to prevent
preneoplastic transition. For instance, acinar cells and acinar cell derived mPanINs have been
shown to undergo senescence when the Ras kinase cascade is overactivated, either by
culturing under Ras-stimulating conditions, or by oncogenic Kras expression in a mouse
model, respectively (Guerra et al., 2011; Pinho et al., 2011a). In sum, acinar cells appear to
require numerous conditions be met to initiate precursor lesions, delaying the acinar cell

derived tumorigenic process.

An argument could be made that the observed precursor development differences in
Acinar:KP®© mice may be due to inefficient recombination of the Trp53o¥/ox gj|ele.
However, two key reasons suggest this is not the case. First, because | am using identical
alleles in both cell type specific mouse models, any inefficiencies due to large floxed alleles
or position effects are likely to be reflected equally on both, since there are no changes in
recombination size or position (Vooijs et al., 2001). Second and most importantly, the
frequent observation of p53 negative, low-grade mPanIN1 lesions, (Figure 3.17B) suggests
that even if acinar cell recombination was completely efficient, the developmental
differences and delay observed between my models would continue to be observed. That is,
the precursor progression seems to completely differ between the two cell type specific
mouse models (Duct:KP®® and Acinar:KPK® mice). Importantly, this delay appears to
extend to PanIN3 progression to PDAC from acinar cells, as these lesions are present very
early on and p53 negative, but do not appear to efficiently generate PDAC. However, there

remains the possibility that chromatin state differences between ductal and acinar cells may
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make the Trp53 locus more accessible in one cell type than the other. Thus, non-p53
expressing mPanIN1s in Acinar:KP®° mice may represent Kras®'?P; Trp5319/* or Kras®!?P;
Trp53** genotypes which have yet to upregulate Trp53 expression (Figure 3.17A). To
address this possibility, future laser capture microdissection or in-situ hybridization
experiments would be needed to validate and quantify the Trp53 locus recombination rate in

low grade precursor lesions in the Acinar:KP®® mouse model.

4.4  Tumor heterogeneity arising from acinar cell dedifferentiation

In this study, I characterized tumors derived from ductal and acinar cells and found
them to be similar in their differentiation status and type — moderate to poorly differentiated
adenocarcinomas. However, acinar cell derived tumors displayed extra phenotypes not seen
in tumors from the ductal cell specific model, and | have designated these additional
phenotypes as precursor-like or cystic (Figure 3.7A-B). This suggests that acinar cells may

be a source of additional tumor heterogeneity when compared to ductal cells.

One potential mechanism for acinar cells to generate additional heterogeneity could
be via a stochastic acinar-to-ductal reprogramming process. Acinar cells are differentiated
from a pancreatic progenitor cell after expression of acinar cell specifying factors such as
Ptfla, Rbp-jl and Nr5a2 (reviewed in Shih et al., 2013). Loss of these acinar cell specifying
factors has been shown to accelerate and drive Kras®*?°-mediated mPanIN formation (Figura
et al., 2014b; Krah et al., 2015). Concurrently, mPanIN formation is associated with
expression of embryonic progenitor/ductal markers such as Pdx1, Hesl1, Sox9, Hnflb
(Collins et al., 2012; Kopp et al., 2012). Furthermore, embryonic forms of protein complexes
also become expressed instead of their adult versions, suggestive of an adoption of the

embryonic transcriptional programme (Pinho et al., 2011a). These types of large scale
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transcriptional network changes are closely regulated by epigenetic modifications (YYamada
et al., 2014). Thus, loss of a chromatin remodeler, such as Brgl, may interfere with the
necessary epigenetic modifications that need to be made. In support of this, Brgl deletion has
been shown to result in severely diminished mPanIN formation in an acinar cell specific
mouse model (Figura et al., 2014a).Taken together, these findings suggest that acinar cell
derived PDAC undergoes dedifferentiation, after which transformation into PDAC may
involve a more stochastic and random process; a process which could explain the
heterogeneity seen in the Acinar:KP®© model, but not Duct:KP®K® model. Specifically, |
observed that the survival time for Acinar:KP®© mice ranged from 105 to 160 days, and the
size of tumors varied widely at 12 weeks post injection. Furthermore, these mice also
accumulated a large number of mPanIN over time, as well as developed additional tumor
phenotypes that were seldom observed in Duct:KP®° mice (Figure 3.2B, Figure 3.7A-B,
Figure 3.13A and B, and Figure 3.16A). These findings all suggest acinar cell transformation
is more unpredictable, potentially due to the stochastic acinar-to-ductal-to-mPanIN-to-PDAC
reprogramming process. Future studies examining the epigenetic and transcriptional
processes of acinar-to-ductal reprogramming and mPanIN progression may yet identify
mechanistic similarities with iPSC induction, a process which also appears stochastic and is

currently not well understood (Takahashi and Yamanaka, 2016).

4.5 Catastrophic PDAC initiation from ductal cells

Current understanding of PDAC development suggests that mutations are
accumulated in a stepwise manner: low-grade lesions acquire Kras and p16 alterations, while
high-grade lesions acquire Trp53 and Smad4 mutations (Hruban et al., 2000). In my study, |

found that combining an early mutation (Kras®'?P) with a late mutation (Trp53"°/1%) in
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ductal cells was sufficient to rapidly induce rapid carcinoma without forming any low-grade
mPanlIN lesions. In contrast, acinar cells with early and late mutations still appeared to go
through the full spectrum of mPanIN stages. These findings suggest that ductal cells, under
certain contexts, follow a PDAC developmental process distinct from acinar cells; one in
which Kras®!?P rarely induces mPanIN1 (Brembeck et al., 2003; Kopp et al., 2012; Ray et al.,
2011), but introduction of Trp53 loss rapidly causes formation of carcinomas. This pattern of
development resembles “catastrophic PDAC progression”, which was first suggested in 2003
(Real, 2003). In brief, Real, F.X. hypothesized that a catastrophic event may cause sudden
and rapid progression of cancer and even bypass specific PanIN precursor lesion stages (Real,
2003). In contrast, acinar cells show a developmental pattern consistent with current linear
PanIN progression schemes, as p53 loss did not induce a complete loss of individual low-
grade mPanlIN stages. In agreement with our current understanding of PanIN progression,
low-grade human PanIN lesions are associated with Kras®2P mutations but not p53 (Kanda
etal., 2012, 2013). Taken together, these observations suggest that cell of origin, in
combination with mutational composition; can impact the developmental trajectory of PDAC.
Thus, the current PanIN progression model (cite your first diagram figure from intro) may
only capture a simplified picture of the way tumors develop and this model may need to be
revised to incorporate the context of specific genetic mutations and cells of origin (see

Appendix A, Figure A.1).

4.6  Closing remarks and future directions

I have shown in this study that cell of origin is an important factor to consider when
using mouse models to study PDAC. It can affect tumor progression, phenotype, and may

one day even change how PDAC can be detected and treated. Before that can happen, further
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characterization of the relevance of cell of origin in PDAC is needed. Future studies should
first determine acinar cell specific and ductal cell specific tumor signatures, then identify
whether they are present in human PDAC. Although my study has demonstrated that both
acinar and ductal cells can give rise to cancer under identical genetic conditions, the method
of inducing genetic changes in mice may make it difficult to apply these results directly to
human disease. For instance, the induction of Kras®*?P expression in large numbers of acinar
cells or the simultaneous activation of multiple disease relevant gene mutations is generally
thought to not occur in humans. One could hypothesize that acinar cells may typically
undergo senescence and cell death in response to Kras mutations; therefore, the seemingly
quiescent ductal cells may actually represent the prime source of PDAC. This is despite the
lack of widespread phenotypic changes in ductal cells when Kras is altered. In sum, efforts
should now be made to identify the relevance of cell of origin in PDAC, since this study and
others (Bailey et al., 2016a; Figura et al., 2014a) have begun to demonstrate that acinar and

ductal cells can differ significantly in their tumorigenic potential under certain contexts.
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Appendices

Appendix A PanIN progression from ductal versus acinar
cells.

A.1 PDAC development using Kras®'?P and Trp53Modflox glleles in ductall
cells occurs “catastrophically” while acinar cells utilize a linear
progression.

PDAC is commonly and classically hypothesized to go through various stages of

mPanIN before developing into PDAC (Hruban et al., 2000). An alternate model termed

“catastrophic” progression was proposed in 2003, which suggests that specific stages may be

bypassed to rapidly progress into PDAC (Real, 2003). Current findings suggest that acinar
cells likely follow the classical model, while the ductal cell model may either undergo a
catastrophic progression or classical model of PanIN progression depending on the genetic

context.
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Figure A.1 Summary of PDAC initiation and mPanIN development from ductal and

acinar cells.

Acinar cells have been repeatedly shown to follow the classic mPanIN progression scheme.
Oncogenic Kras®*?P initiates mPanIN formation, and further tumor suppressor loss (eg.
Trp53) promotes accumulation and progression of mPanIN stages. Kopp et al. (2012) has
shown that ductal cells are largely resistant to oncogenic Kras®?P. My study has now
provided evidence that additional tumor suppressor loss (Trp53) initiates high-grade lesions
rapidly without going through low-grade lesions (dashed line). Furthermore, unpublished
data from our lab shows that ductal cells lacking Pten expression can give rise to low-grade

mPanIN lesions and initiate PDAC.
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