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Abstract of the Dissertation 

The Role of Krüppel-like Factor 5 in the Pathogenesis of Pancreatic Ductal 

Adenocarcinoma 

by 
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Doctor of Philosophy 

in 

Molecular and Cellular Biology  

(Concentration – Immunology and Pathology) 

Stony Brook University 

2018 

Pancreatic intraepithelial neoplasm (PanIN) is the most common type of precursor lesions of 
pancreatic ductal adenocarcinoma (PDAC). In the mouse pancreas, oncogenic Kras mutations are 
sufficient for spontaneous PanIN formation, which can be further expedited by cerulein-induced 
pancreatitis. Krüppel-like factor 5 (KLF5), a triple zinc-finger transcription factor, is differentially 
upregulated in pancreatic ductal adenocarcinoma (PDAC). Recent evidence shows that KLF5 is 
normally absent in acinar cells and is expressed in PanIN and PDAC in human tissues. The role of 
KLF5 in PanIN formation is unknown. To investigate whether KLF5 is required for early 
oncogenic Kras-driven tumorigenesis, I developed genetic engineered mouse models that 
combined inducible Klf5 knockout with oncogenic Kras expression in adult pancreatic acinar cells 
(Ptf1a-CreERTM;Klf5fl/fl, Ptf1a-CreERTM;LSL-KrasG12D, Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl). Klf5 
knockout reduced oncogenic Kras-induced PanIN formation. Furthermore, Klf5 knockout mice 
failed to develop acinar-to-ductal metaplasia (ADM), a type of transformation that is triggered by 
pancreatitis and precedes PanIN formation. Transcriptomic analysis showed that Klf5 knockout 
restored normal expression of genes that were altered by oncogenic KRAS signaling. These data 
showed that KLF5 is required for early pancreatic tumorigenesis induced by oncogenic KRAS. 
Furthermore, transcriptomic profiling identified NDRG2 as a potential inhibitor of ADM. To 
investigate the effect of Klf5 depletion on proliferation of pancreatic cancer cells, I depleted KLF5 
in mouse pancreatic cell lines using a system that allows for the expression of Klf5-specific shRNA 
(or proper scrambled shRNA control) upon doxycycline induction. Klf5 knockdown in mouse 
pancreatic cancer cells line resulted in dosage-dependent reduction in cancer cell proliferation, 
possibly due to cell cycle arrests. Klf5 knockdown in mouse pancreatic cancer cells also increased 
expression of DNA damage response genes, decreased expression of ductal marker, and decreased 
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tumor growth in mouse subcutaneous allograft model. In summary, the data showed that KLF5 
plays a diverse range of pro-oncogenic roles during initiation as well as progression of pancreatic 
cancer.  
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Chapter 1. Introduction 

 

 

 

1.1 Pancreas Physiology 

 Pancreas is a slender glandular organ located in the retroperitoneum posterior to the 

stomach. The head of pancreas is found in the curvature of the duodenum. The body of the pancreas 

extends transversely for approximately 6 inches and ends with its tail found in the hilum of the 

spleen (1). Genomic analysis has revealed there are highly-conserved pancreas-specific genes 

across all jawed vertebrates, which supports the theory that the first distinct pancreatic organ 

evolved through a single, early evolutionary event that predates the vertebrate radiation (2). 

 Pancreas performs both unique exocrine and endocrine roles that are critical for normal 

body functions. The three major cell types of the pancreas are the acinar cells, islet cells, and ductal 

epithelial cells. The endocrine functions of the pancreas are performed by the islet cells found in 

clusters known as Islets of Langerhans. Specialized islet cells secrete hormones including insulin, 

glucagon and somatostatin that are required for maintaining glucose levels in the blood. 

Additionally, specialized islet cells also secrete pancreatic polypeptide hormone, which plays a 

role in controlling appetite (1). See Figure 1.1 for illustration of the anatomy of pancreas. 

The exocrine function of the pancreas is performed by pancreatic acinar cells and ductal 

epithelial cells. Acinar cell is the most abundant cell type in the pancreas, accounting for 80% of 

all pancreatic cells. They are pyramid-shaped, polarized, secretory epithelial cells arranged in 

grape-like acini. Their main function is to synthesize, store and secrete pancreatic enzymes that 

facilitate the digestion of food in the small intestine. The apical side of each acinar cell faces the 
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intercellular canaliculi, which connects the acinus to the intercalated duct of the extensive 

pancreatic ductal network. The basolateral side of each cell faces the interstitial space. At a 

subcellular level, acinar cells have basolaterally located nuclei surrounded by abundant rough 

endoplasmic reticulum (RER). The three major types of enzymes synthesized at the RER are α-

amylase, lipase, and proteases which are responsible for the hydrolysis of carbohydrate, fat, and 

proteins, respectively (3). Those enzymes are sorted and packaged in secretory granules through 

the trans-Golgi network and post-Golgi maturation (1). The mature granules are stored at the apical 

side of the cells, and the release of their content is regulated by several neuroendocrine 

secretagogues (1). Cholecystokinin and acetylcholine triggers activation of protein kinase C and 

Ca2+-dependent exocytosis through inositol triphosphate/diacyl glycerol signaling pathway (1). 

In contrast, secretin and vasoactive intestinal peptide trigger secretion through increased level of 

intracellular cAMP and activation of protein kinase A (1). Additionally, angiotensin II can also 

regulate acinar secretion in a dosage-dependent fashion (1). 

Pancreatic ductal epithelial cells form the complex network that collects the enzymes 

secreted by the acinar cells and deposits them into the duodenum at the ampulla of Vater (also 

known as duodenal ampulla) (4). The ductal cells of intercalated duct form a simple squamous 

epithelium which becomes a simple cuboidal epithelium as they join to form the interlobular ducts 

(4). The epithelium of the larger ducts are lined by cuboidal or columnar epithelial cells surrounded 

by connective tissue (4). In addition to their function in forming the ductal network, pancreatic 

ductal epithelial cells are essential for production of bicarbonate that neutralizes the acidity of food 

enter the duodenum from the stomach (4). Carbonic anhydrase synthesizes bicarbonate and protons 

from carbon dioxide and water (4). Protons are eliminated from the ductal cells through 
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basolaterally located Na+/H+ exchanger. Bicarbonate is secreted into the lumen through anionic 

exchangers on the apical surface of the cells (4). 
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Figure 1.1. Anatomy of the Pancreas 
Illustration showing location of the pancreas in the curvature of the duodenum and the arrangement 
of pancreatic cell types in pancreatic tissue. 
Illustration by Bruce Blaus. Blausen.com staff (2014). "Medical gallery of Blausen Medical 2014". 
WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/2014.010. ISSN 2002-4436. - CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=28909220 
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1.2 Signaling Pathways in Pancreatic Development and Adult Pancreas 

 In mouse, the flat sheet of endoderm folds to form the primitive gut tube, which is divided 

into foregut, midgut, and hindgut. At embryonic day 7.5 in mouse, the anterior endoderm 

invaginates to form the anterior intestinal portal (AIP) at the foregut-midgut boundary, the site of 

pancreatic specification (5). Pancreatic development begins with the condensation of mesenchyme 

overlying the dorsal aspect of the endodermal gut tube (6). The notochord patterns the adjacent 

foregut to develop into the dorsal pancreatic bud by excluding sonic hedgehog (SHH), which 

allows for the expression of the key transcription factor pancreatic and duodenal homeobox factor 

1 (PDX1) (5). At approximately 26th day of gestation in human or comparable embryonic day 9.5 

in mouse, the endoderm evaginates into the mesenchymal cells giving rise to the initial dorsal bud, 

which elongates and loses contact with the notochord due to the fusion of dorsal aorta in the 

midline (5, 6). Approximately 6 days after dorsal bud evagination in human or 16 hours after dorsal 

bud evagination in mouse, the ventral bud begin to arise from the hepatic/biliary bud evagination 

(Figure 1.2, A and B) (5, 6). 

The molecular control of the ventral pancreas development is markedly different from that 

of the dorsal pancreas (6). The ventral pancreas fate is induced in the portion of the ventral foregut 

that has low levels of cardiac fibroblast growth factor (FGF) signaling. The dorsal pancreatic 

development requires retinoic acid (RA) signaling, as well as Activin and FGF2 secreted from the 

notochord and dorsal aorta to repress SHH expression during dorsal bud evagination. By 

approximately 30th day of gestation in human and embryonic day 9.5 in mouse, the multipotent 

pancreatic progenitor cells (MPCs) are found to occupy both ventral and dorsal buds and are 

marked by transcription factor SRY (sex-determining region Y)-box 9 (SOX9), PDX1, pancreas 
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specific transcription factor subunit 1a (PTF1A), and GATA binding protein 4 (GATA4) (Figure 

1.2B) (5). 

Once evaginated, the pancreatic buds undergo elongation and branching morphogenesis. 

Pancreas undergoes acute angle branching allowing the new adjacent branches to exclude 

intervening mesenchyme (6). FGF10 produced by the mesenchymal tissue plays an important role 

in proliferation of MPCs during this stage (5). Around embryonic day 12 to 13 in mouse or 

embryonic day 37 to 42 in humans, the ventral and dorsal buds come into contact with one another 

and fuses (Figure 1.2C). Up until this point there is very little cellular differentiation (6). 

Proliferation is primarily driven by WNT signaling, which also allows for the maintenance of 

progenitor status. Epidermal growth factor (EGF) also aids in the proliferative process and further 

inhibits endocrine differentiation (5). At the tissue level, a dramatic morphogenic reorganization 

begins in the pancreatic epithelium, which ultimately leads to the formation of two distinct cellular 

domains. The “tips” of the branching epithelium contain pro-acinar MPCs, which express 

Nirenberg and Kim homeobox factor (NKX) 6.1, SOX9, and GATA4, while the “trunk” region 

harbors cells that express NKX6.1 and SOX9 and will give rise to islet and ductal cells (5, 7).  

At approximately embryonic day 13.5 in mouse, dramatic cellular changes occur and this 

marks the beginning of a period known as “secondary transition” (Figure 1.2, D and E) (6, 7). 

Acinar cell differentiation occurs rapidly with the “tip” cells losing their multipotency and 

becoming acinar progenitor cells. In mouse, this is marked by the rapid loss of SOX9 in the “tip” 

cells (5). The differentiation of acinar cells is followed by a rapid expansion and differentiation of 

endocrine cell number driven by NOTCH signaling via the neurogenin 3 (NGN3) transcription 

factor (6, 8).  
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Embryonic development of the pancreas requires a perfectly orchestrated series of complex 

signaling and gene expression. Many transcription factors are critical for coordinating the 

expression of genes at the proper time during development. Three of the most important factors 

required for the maintenance of MPCs are PDX1, PTF1A, and SOX9. PDX1 is an important 

transcription factor for pancreatic development. Germ-line inactivation of Pdx1 causes pancreatic 

agenesis by arresting the growth of the pancreatic epithelium around mouse embryonic day 10.5 

(9, 10). How Pdx1 regulate progenitor expansion remains poorly understood. Microarray analysis 

found that Pdx1 mutant mouse embryos exhibit downregulation of several transcription factors 

including Nkx6.1 and Ptf1a (11). In addition, a decrease in Sox9 expression has also been observed 

in those mice (12). Experiments performed in transgenic mice have shown that Pdx1 DNA binding 

sites in enhancer of Gata4 gene are required for its expression in vivo at embryonic day 10.5 to 

promote acinar lineage commitment. Chromatin immunoprecipitation (ChIP) assay have 

demonstrated that PDX1 protein directly interacts with sequences in both hepatic nuclear factor 

1b (Hnf1b) and forkhead box A2 (Foxa2) genes (13). Pdx1 expression is maintained in the 

developing epithelium, and gradually becomes restricted to islet cells in the adult pancreas where 

it has been shown to regulate proper insulin synthesis (14). Pdx1 inactivation using a tetracycline-

inducible system in mouse during mid-pancreatic development led to pancreatic agenesis and loss 

of acinar and islet differentiation, suggesting that Pdx1 activity is required for all cell types 

throughout the extent of pancreatic development (15). These results suggest that Pdx1 is important 

for the specification of pancreatic cells in early development and maintains islet cell differentiation 

in adult pancreas. 

PTF1A is another important transcription factor during pancreatic organogenesis. Loss of 

Ptf1a results in pancreatic agenesis although a rudimentary dorsal bud is present (16). Lineage-
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tracing experiments have shown that Ptf1a-deficient cells adopt an intestinal fate (16). These 

results suggest that Ptf1a is essential for the commitment and proliferation of pancreatic 

progenitors. It has been suggested that FGF10 signaling from the mesenchyme cells maintains 

Ptf1a expression in the dorsal pancreatic bud, but the underlying mechanism is unclear (17). 

PTF1A protein is a subunit of the PTF1 complex, a trimeric complex composed of two PTF1A 

and either recombination signal binding protein for immunoglobulin kappa J region (RBPJ) or 

RBPJL (18). The formation of the complex PTF1A-RBPJ is essential for proper pancreatic 

development. Mutations in PTF1A protein that impairs RBPJ binding cause pancreatic phenotype 

similar to Ptf1a null mice (19). A recent study has identified a significant number of direct targets 

of PTF1A in pancreatic progenitors (20). Several of these targets are transcription factors also 

expressed in MPC populations such as Pdx1, Nkx6.1, Hnf6, and Mnx1 (20). It is also important to 

note that PTF1A maintains its own expression during pancreatic development (21). PTF1A is the 

master regulator of acinar cell differentiation (22, 23) and initiates it by a mechanism that involves 

the replacement of the subunit RBPJ by RBPJL (23). The PTF1A-RBPJL complex appears to 

directly activate the expression of acinar-specific genes including those coding for secreted 

enzymes, as suggested by ChIP-seq and gene profiling experiments (23). Lineage tracing 

experiments show that Ptf1a expression become limited to acinar cells in adult mice beginning at 

embryonic day 14.5 (24).  

Sox9, a member of the SRY/HMG box family, is expressed in the Pdx1+ cells from 

embryonic day 9.5, and Sox9-expressing cells can give rise to all pancreatic cell types (25). During 

the secondary transition, Sox9 expression becomes restricted to the trunk ductal/endocrine 

progenitor domain. At later stages of pancreas development, SOX9 is maintained in ductal cells. 

Conditional inactivation of Sox9 in the Pdx1+ cells results in severe pancreatic hypoplasia due to 
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both diminished MPC proliferation and increased MPC cell death (25). In addition to MPC 

proliferation and survival, SOX9 is required to maintain MPC identity through a feedforward 

mechanism mediated by mesenchymal FGF signaling (12). Disruption of this results in activation 

of the liver developmental program in the pancreatic epithelium (12). SOX9 directly regulates the 

expression of other transcription factors expressed in MPCs, such as Hnf1b, Hnf6, and FoxA2 

suggesting a central role for SOX9 in the transcriptional network controlling MPC formation and 

maintenance (25). 
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Figure 1.2. Development of the Mouse Pancreas 
Illustration showing the developing pancreas in mouse at different embryonic days. (A) Pdx1 and 
Ptf1a initial expression in the dorsal and ventral buds evaginating from the gut endoderm (en). 
Nearby tissues include notochord (nt) and aorta (ao). (B) Mesenchyme (mes) surrounds the 
thickening buds as the first Ngn3+ pro-endocrine cells appear. (C) Subsequent outgrowth produces 
a dense epithelial bud, in which early α-cells begin to differentiate. (D) The secondary transition 
marked by massive differentiation and the progressive restriction of Pdx1 and Ptf1a expression. 
(E) The organ has assumed its mature form with Pdx1 expression in the islet cells, Ptf1a expression 
in the acinar cells, and Sox9 expression in the ductal cells. 
Modified from original figure in: L. Charles Murtaugh. Pancreas and beta-cell development: from 
the actual to the possible. Development. 2007 Feb;134(3):427-38.  
Reproduced with permission from Company of Biologists (26) 
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1.3 Pancreatic Ductal Adenocarcinoma and Its Precursor Lesions 

For 2017, the National Cancer Institute estimates that pancreatic cancer will account for 

3.2% of cancer cases and 7.2% of cancer-related deaths in the U.S. If incidences of pancreatic 

cancer continue to rise at the currently rate, pancreatic cancer will be the second leading cause of 

cancer related death by 2030 (27). Malignant neoplasms of the pancreas are currently classified 

based on the cellular differentiation into ductal, acinar, or neuroendocrine types (28). Pancreatic 

ductal adenocarcinoma (PDAC) comprises about 90% of all pancreatic cancer (28). Pancreatic 

ductal adenocarcinoma is a devastating disease. The overall 5-year survival rate is less than 7%. 

The majority of patients are diagnosed at an advanced stage. Only about 20% of patient have 

localized disease and are eligible for radical curative surgery, but the median survival after surgery 

remains low at only 18 months (28, 29).  

PDAC are genetically complex with wide-spread chromosomal abnormalities and 

numerous mutations (30, 31). Complete analysis of the PDAC exome showed an average of 63 

genomic alterations, mainly point mutations (32). These mutations result in the alterations of 12 

cellular signaling pathways and processes present in the majority of pancreatic adenocarcinomas. 

The most notable among those are Kirsten rat sarcoma viral oncogene homolog (KRAS) signaling, 

regulation of the G1/S cell cycle transition, TGF-β signaling, integrin signaling, regulation of cell 

invasion, cell adhesion and small guanine triphosphate (GTPase)-dependent signaling (32). The 

four most frequently mutated genes are KRAS (90%), cyclin dependent kinase inhibitor 2A 

(CDKN2A, p16, 90%), tumor protein P53 (TP53, 70%) and SMAD family member 4 (SMAD4, 

55%) (32). Transcription of the mutant KRAS gene determines the production of an abnormal, 

constitutively-activated KRAS protein, causing the uncontrolled activation of proliferation and 

survival pathways. Inactivation of the CDKN2A gene results in the loss of p16 protein, a master 
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negative regulator of the G1/S transition of the cell cycle. TP53 mutations allow the cells to bypass 

important control checkpoints at the level of DNA damage and apoptosis. Finally, the frequent 

loss of SMAD4 gene results in the aberrant signaling by TGF-β. More recent exome sequencing 

and copy number analyses confirmed the four most frequently mutated genes and identified novel 

mutant genes involved in chromatin modification (EPC1 and ARID2), DNA damage repair (ATM), 

and axon guidance (33).  

Two different progression models have been proposed for the genetic evolution of cancer 

cells during pancreatic oncogenesis and progression. In one model, comparison of genetic 

mutations in metastasis to the primary tumor from which they arose showed surprisingly large 

number of conserved alterations in both. The mutations can be categorized into “founder 

mutations,” present in all samples from a single patient, and “progressor mutations,” found only 

in a subset of samples from each patient. Founder mutations are the four major genes known to be 

involved in pancreatic carcinogenesis (i.e. KRAS, CDKN2A, TP53, and SMAD4). Progressor 

mutations occur later than founder mutations and are unique to each clonal population in distant 

metastases that represent heterogeneous subclones also found in the primary tumor (34). 

Mathematical modeling using this data suggests that genetic evolution of PDAC takes 12 years to 

progress from the earliest genetic alteration in a precursor lesion to a full-blown invasive cancer, 

five more years to acquire metastatic ability, and the average patient dies 2 years after metastasis 

(34). 

A more recent study challenges the model of gradual progression in pancreatic oncogenesis 

with a rapid progression model. Analysis of copy number alterations in PDACs showed that 45% 

of tumors displayed significant changes in copy number alterations and polyploidization. 

Mathematical modeling showed that 65% of copy number alterations were caused by a 
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chromothripsis event, a catastrophic chromosomal damage event leading to high number of 

rearrangements from incorrect DNA repair (35). Of the chromothripsis events, 11% occur on 

chromosome 18 resulting in loss of tumor suppressor SMAD4 and 8% occur on chromosome 12 

leading to focal amplification in the region of KRAS (35). Polyploid tumors displayed higher 

frequency of chromothripsis, more TP53 mutations, and are correlated with worse overall survival 

(35). Furthermore, most mutations are acquired during diploid phase preceding neoplastic 

transformation. These data suggest a rapid progression model in which preneoplastic lesions 

acquire copy number alterations through polyploidization and chromothripsis events leading to 

rapid neoplastic transformation (35). The number of mutations in founder genes in each tumor has 

significant prognostic implications (36, 37). Thirty-seven percent of patients have mutations in all 

4 founder genes, and patients with mutations in 2 or less founder genes have significantly longer 

overall survival (36). 

During pancreatic oncogenesis, PDAC arises from different types of non-invasive 

precursor lesions (Figure 1.3A). The most common precursor lesion is pancreatic intraepithelial 

neoplasia (PanIN) (38). Other less common precursor lesions are intraductal papillary mucinous 

neoplasia (IPMN) and mucinous cystic neoplasm (MCN) (39). The concept of these lesions being 

the precursors to PDAC was first established through the analysis of the pancreatic cancer tissues 

in order to create a pathological progression model for PDAC initiation based on histology (40). 

Careful genomic studies later supported this model by demonstrating that the precursor lesions 

share only some of the genetic alterations with their associated infiltrating cancer and the 

prevalence of shared genetic alterations increases with increasing severity of dysplasia (40, 41). 

 PanINs are non-invasive microscopic epithelial lesions (<5mm), located in the smaller 

pancreatic ducts (42). They are composed of a flat or papillary epithelium. PanINs are classified 
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into different grades according to the extent of histological abnormalities (Figure 1.3B). PanIN-

1A and PanIN-1B lesions are low-grade dysplasia, characterized by tall columnar cells with 

basolateral nuclei and abundant apical mucin. PanIN-1A lesions have flat epithelium, while 

PanIN-1B lesions have papillary architecture. PanIN-2 lesions are intermediate-grade dysplasia 

with mostly papillary epithelium with mild to moderate cytological atypia. PanIN-3 lesions are 

high-grade dysplasia (carcinoma in situ) characterized by papillary proliferations of cells with 

significant cytological atypia (43). PanIN-3 lesions are frequently associated with invasive 

pancreatic cancer. 

Low-grade PanINs are frequently found in normal pancreas. A study using pancreata 

surgically resected for reasons other than PDAC found PanINs in 26% of 584 cases (44). Most of 

the lesions were PanIN-1 (50%) and PanIN-2 (41%). PanIN-3 represents 8% of the total PanINs. 

Genetic studies suggest that PanIN can be a precursor to invasive pancreatic cancer. Increasing 

grades of PanIN lesions are correlate with accumulating genetic alterations (38). Telomere 

shortening and activating mutations in the KRAS oncogene are the most common alterations in 

low-grade PanIN lesions (45, 46). Deep sequencing of patient samples showed that KRAS 

mutations are present in >90% of PanIN lesions, including low-grade PanINs, which suggests a 

gradual expansion of KRAS-mutant clone during PanIN progression (47). Mutations in other 

founder genes, including CDKN2A, TP53, and SMAD4 are associated with progression (46). Loss 

of CDKN2A expression correlates with increasing PanIN grade (30% of PanIN-1A/B, 55% of 

PanIN-2, and 70% of PanIN-3) (48, 49). Inactivation of TP53 and SMAD4 are almost exclusively 

found in PanIN-3 lesions at 30-50% frequency (50, 51).  See summary of mutations in PanINs in 

Figure 1.3B. 
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 The genetic alterations that are crucial to transition from PanIN-3 lesions to an invasive 

carcinoma are not very well understood. Currently, it is impossible to trace the PanIN lesions that 

gave rise to the PDAC since much of the pancreas is quickly overgrown by the PDAC after 

neoplastic transformation. Furthermore, histological distinction between PanIN-3 and adjacent 

PDAC can be difficult. Despite these limitations, exome sequencing of PDAC and adjacent PanIN-

2 and PanIN-3 lesions have shown that PanINs and invasive carcinomas have similar numbers of 

mutations (52). Even though there were fewer mutations in PanIN-2 (averaging 30 mutations) 

compared to the invasive carcinomas (averaging 50 mutations), PanIN-3 showed on average even 

more mutations (averaging 60 mutations) (52). Careful examination of the specific mutations 

showed that 66% of mutations were common to the invasive carcinoma and the adjacent PanIN, 

10% mutations were only present in the invasive carcinoma, and 25% of the mutations were only 

present in PanIN lesions (52). The high number of common mutations shared by PanIN and 

invasive carcinoma supports the progression model, but also raises concerns on whether a lesion 

is a true PanIN-3 lesion or the ductal spread from adjacent PDAC. It is important to point out that 

there is no direct clinical evidence showing that presence of PanIN lesions increases the risk or 

worsen the outcome for PDAC. Clinical studies have shown that PanIN at a resection margin does 

not affect survival in patients who have a resection for invasive cancer (53). The lack of correlation 

may be the result of the patients dying from their disease long before residual PanIN has time to 

progress (53). Study investigating the significance of incidentally discovered PanIN in pancreatic 

resections for reasons other than PDAC showed that PanIN in the pancreas did not result in an 

appreciable cancer risk (44).  

Intraductal papillary mucinous neoplasia (IPMN) are non-invasive, large, lesions (>5mm 

in diameter) characterized by mucin-producing epithelium with long papillary projections that 
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arise within the larger pancreatic ducts (42, 54). IPMN are found with higher frequency in the head 

of pancreatic (54). Histologically, IPMNs can be categorized as gastric-foveolar, intestinal, 

pancreatobiliary, or oncocytic type based on the cellular differentiation and morphology of the 

epithelium (55, 56). Although there are clear differences between IPMN subtypes based on their 

morphological features, many IPMNs show mixed histology suggesting that the subtypes do not 

represent completely distinct underlying pathways (56). Although IPMNs share genetic alterations 

with PanIN and PDAC, some genetic alterations such as activating GNAS mutations and 

inactivating RNF43 mutations are more specific for the IPMN (57, 58). Genes that are most 

frequently mutated are KRAS, GNAS, CDKN2A, RNF43, TP53, and SMAD4 (57). Virtually all 

IPMNs (> 90%) harbor at least one mutation in KRAS and GNAS, suggesting that IPMNs are 

initiated by a mutation in either of these genes (59). Mutations of oncogene GNAS occurs in about 

66% of IPMNs, and majority of these mutations are present in the corresponding invasive 

carcinoma (60). Interestingly, GNAS mutations were not found in other types of cystic neoplasms 

of pancreas or in invasive carcinoma not associated with IPMN lesions (61). A recent study on 

molecular characterization of a large set of IPMNs showed that 91% of IPMNs display KRAS or 

GNAS mutations (47% show mutations in both genes), 38% has RNF43 mutation, and few have 

mutations in other adenocarcinoma associated genes: CDKN2A (3%), CTNNB1 (6%), SMAD4 

(5%), and TP53 (9%) (62). 

Mucinous cystic neoplasia (MCNs) are the least common of the precursor lesions that can 

give rise to PDAC. MCNs are defined as mucin-producing cyst-forming epithelial lesions with an 

ovarian-type stroma (42, 63). MCNs occur almost exclusively in women and usually in the tail of 

the pancreas, and they do not communicate with the pancreatic duct system. MCNs is less well-

characterized genetically compared to PanINs and IPMNs. Whole-exome sequencing of 
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microdissected MCNs has revealed an average of 16 somatic mutations with few allelic losses 

(57). Mutations in KRAS are most frequent and are found in 25% of MCNs with low-grade 

dysplasia, 40% with intermediate-grade dysplasia, and 90% with high-grade dysplasia (57). 

 The low survival rate in PDAC patients is partially due to the fact that the majority of them 

are diagnosed at advanced stages (28). There are also extensive stromal involvement creating a 

protective microenvironment for the cancer cell, which accounts for the high resistance to 

conventional chemotherapy (64). Understanding the underlying biology of early pancreatic 

tumorigenesis may be critical for the development of novel diagnostic techniques for early stage 

detection and of novel therapies for preventive intervention. Genetically engineered mouse models 

that faithfully recapitulate the initiation of human PDAC have been an important tool used to 

identify the pancreatic lineages responsible for developing PDAC. The most widely utilized model 

expresses endogenous KrasG12D oncogene in pancreatic cells during embryonic development by 

expressing a Cre recombinase under the control of the Pdx1 or Ptf1a promoter (65). This is the 

only model that recapitulates the full spectrum of PanIN lesions seen in patients (65). However, 

the limitation is that the expression of the KrasG12D occurs in multipotent pancreatic progenitor 

cells (MPCs) at embryonic day 8.5 and is maintained in all pancreatic lineages after birth (65).  

To better understand the cells of origin for PanIN and PDAC, mutant Kras have been 

expressed in differentiated cells of specific pancreatic lineage in adult mice. One of the earliest 

studies of this type utilized a mouse model expressing oncogenic KrasG12V through a Cre 

recombinase under the control of a Cela1 (gene for pancreatic elastase) promoter and regulated by 

a tet-off system (66). In this model, oncogenic KrasG12V expression is limited to the acinar cells 

(66), and the KrasG12V expression can also be kept off from the time of embryonic development to 

2 months after birth using tet-off system by continuous administration of doxycycline (66). 
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Expression of KrasG12V before birth resulted in spontaneous generation of PanINs and PDAC 

indistinguishable from those in human patient (66). However, turning on expression of KrasG12V 

in the adult acinar cells did not allow them to form PanINs unless they were also subjected to 

chronic pancreatitis induced by cerulein, an oligopeptide analog of cholecystokinin (66). These 

findings suggested that a non-genetic event such as inflammatory response is required in addition 

to genetic alteration for the initiation phase of pancreatic tumorigenesis (66). This hypothesis is 

further supported by well-accepted correlation between chronic pancreatitis and risk of PDAC in 

patients (67). However, later study using mouse model with expression of oncogenic KrasG12D in 

adult acinar cells using Cre recombinase controlled by Cela1 promoter or Basic Helix-Loop-Helix 

Family Member A15 (Bhlha15, better known as Mist1) promoter showed that inflammation is not 

essential for the formation of PanINs (68). This discrepancy may be due to the difference in the 

ability of the two mutant Kras alleles to induce senescence (69). Regardless, the study also 

identified occasional cells with both acinar and ductal phenotypes present in PanINs, which 

suggest that the differentiated acinar cell with appropriate genetic context is susceptible to 

spontaneous transdifferentiation into PanIN lesions through an intermediate state (69).  

 Acinar-to-ductal metaplasia (ADM) is a common and reversible process during pancreatic 

inflammation, and it is important in facilitating pancreas regeneration after injury (70, 71). During 

ADM, pancreatic acinar cells undergo genetic reprogramming and transdifferentiate to duct-like 

progenitor cells (70). Experiments using isolated mouse acini cultured in 3-dimensional (3D) 

matrices have demonstrated that ADM can be initiated by inflammatory events such as acute and 

chronic pancreatitis as well as genetic mutations (70, 72-76). Furthermore, recent 3D culture study 

using human acinar cells demonstrated that ADM in human acinar cells can be induced by TGF-β 

stimulation (77). 
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 Unlike inflammation, aberrant growth factor signaling, such as oncogenic KRAS signaling, 

promotes irreversible ADM by preventing re-differentiation and by promoting further progression 

toward PDAC precursor lesions. Alteration in gene expression caused by oncogenic KRAS 

signaling includes: silencing of acinar genes such as PTF1A, and those for enzymes such as 

amylase and elastase; induction of ductal genes such as those coding for keratin-19 (KRT19) and 

mucin (MUC1); and upregulating expression of multipotent pancreatic progenitor cell genes such 

PDX1 and SOX9 (75). Lineage-tracing experiments in mice demonstrated that ADM cells derived 

from acinar cells due to persistent expression of oncogenic KrasG12D are incapable of re-

differentiation and instead progresses to form PanINs (78). PTF1 transcriptional complex, as 

mentioned before, has a central role in maintaining acinar cell identity and the production of 

digestive enzymes (23). Ptf1a becomes epigenetically silenced during ADM in mice (79). 

Furthermore, ablation of Ptf1a in mice is sufficient to induce ADM and sensitizing cells to KRAS-

mediated transformation (80).  

In the normal adult pancreas, SOX9 is expressed in centroacinar cells, at very low levels 

in acinar cells, and in a subpopulation of ductal cells (81, 82). During inflammation or in the 

presence of oncogenic KRAS signaling, Sox9 expression increases in acinar cells and stimulates 

gene expression that leads to ADM (83) and consequent formation of PanIN (78). In line human 

tumor samples, SOX9 expression is elevated at all stages of PanINs and PDAC (84). The absence 

of Sox9 expression reduces EGFR signaling and pancreatic tumorigenesis, suggesting a potential 

mechanism by which SOX9 promotes ADM (85).  

In the adult mouse pancreas, Pdx1 is mainly expressed in islets and only at low levels in 

acinar cells (86, 87). As shown by lineage tracing, during mouse development, Pdx1+ cells 

represent progenitors of all mature pancreatic cell types (88). When Pdx1 is persistently 
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overexpressed during development, the mice develop smaller pancreata filled with duct-like 

structures (89). PDX1 is upregulated during pancreatitis, in PanINs, as well as in PDAC in patients 

(86, 89). PDX1 protein regulates ADM through activation of signal transducer and activator of 

transcription 3 (STAT3) (89). STAT3 is a regulator of stem cell self-renewal and inflammation, 

and its activity during ADM in pancreas has also been shown to increase via IL-6 (90) and KRAS–

YAP1/TAZ signaling (91, 92). STAT3 signaling is required for ADM, PanIN formation, and 

PDAC development, and mice with pancreas-specific Stat3 knockout have reduced KrasG12D-

induce tumorigenesis (90). 

A recent study demonstrated that Krüppel-like factor 4 (KLF4), a member of Krüppel-like 

factor family of transcription factors (93-95), is also required for oncogenic KrasG12D-driven ADM 

and subsequent PanIN formation (96). Klf4 is normally expressed in the ductal cell in mouse 

pancreas, and it transcriptionally regulates the expression of ductal gene Krt19 (97). In human 

pancreatic cancer cells, KLF4 overexpression causes decrease in cell proliferation through 

upregulation of p21 and the down-regulation of cyclin D1 (98). Another study using mouse models 

showed that KLF4 functions as a tumor suppressor by suppressing metastasis through 

downregulation of CD44, a marker for cancer stem cell (99). Klf4 ablation in mouse pancreatic 

cells attenuates KrasG12D-induced ADM and PanIN formation, and Klf4 overexpression promotes 

KrasG12D-induced ADM and PanIN formation (96). The results suggest that KLF4 promotes ADM 

and PanIN formation during early pancreatic tumorigenesis, and becomes a tumor suppressor after 

neoplastic transformation. It is important to point out that neither Klf4 knockout nor Klf4 

overexpression in pancreatic cells had significant effect on normal pancreatic architecture, 

suggesting that Klf4 is dispensable in the context of wild-type KRAS. Furthermore, Klf4 
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overexpression alone is not sufficient to induce ADM or PanIN formation, suggesting that other 

transcription factors downstream of oncogenic KRAS signaling are required for KLF4 function.  

 Major signaling targets for oncogenic KRAS signaling during ADM are the mitogen-

activated protein kinase (MAPK) pathway and the phosphatidylinositol-3-kinase (PI3K)/AKT 

pathway. Early studies examining the role of EGFR signaling in oncogenic KrasG12D-induced 

mouse model of PDAC demonstrated that oncogenic KRAS signaling upregulates expression of 

Egfr and activates EGFR signaling (100). When EGFR signaling is inhibited either genetically or 

pharmacologically, the reduced level of KRAS signaling cannot efficiently promote pancreatic 

tumorigenesis due to insufficient induction of MEK/ERK activity (100). Further studies showed 

that inhibition of MAPK signaling using small molecular inhibitors to MEK1 and MEK2 prevents 

ADM and PanIN formation (75, 101). More recently, MEK activity has been shown to be required 

for ADM after inflammation in the context of wild-type KRAS (102). 

PI3K acts downstream of KRAS, and ADM, PanIN formation, and cancer initiation are all 

dependent on p110α (also known as PIK3CA, the catalytic subunit of PI3K) (103, 104). ADM, 

PanIN and the formation of invasive PDAC occurs after expression of a constitutively-active form 

of p110α (105). PI3K-mediated transdifferentiation of acinar cells is mediated through ERK1/2 

signaling (105). To drive these processes, PI3K also initiates actin reorganization orchestrated by 

Rho GTPases (103, 104, 106). Pancreas-specific deletion of phosphatase and tensin homolog 

(PTEN), which negatively regulates PI3K signaling, leads to ADM, PanIN, and PDAC in mice 

(107). In the context of oncogenic Kras expression, PTEN loss leads to accelerated formation of 

PDAC (108, 109). Similarly, expression of a constitutively active allele of Akt1, one of the 

downstream targets for PI3K signaling, induces ADM (110) and cooperates with oncogenic KRAS 

signaling to drive the progression of PDAC (111). However, only a small set (>3%) of PDAC 
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patients have mutations in PIK3CA (112), which suggests that contribution of PI3K activity is a 

part of oncogenic KRAS signaling in majority of patients. 

ADM in human pancreatic cancer specimens can be observed in proximity to neoplastic 

precursor lesions (113, 114). Attempts have been made to investigate if human acinar cells that 

underwent ADM can be precursors to PanIN. Analyses of human ADM lesions for KRAS 

mutations indicated that ADM associated with PanIN lesions harbored the same KRAS gene 

mutation. By contrast, ADM lesions that were not associated with PanIN had wild-type KRAS. The 

conclusion was that the ADM lesion associated with PanIN might represent retrograde extension 

of the PanIN (115). With the knowledge that inflammation and macrophage-released cytokines 

can lead to ADM independent of KRAS mutations (72), the detection of ADM lesions that are 

KRAS wild-type is not surprising. As human PDAC often has pancreatitis associated, one would 

expect both ADM lesions that express wild-type KRAS and ADM lesions that express mutant 

KRAS (115). Thus, these data can also be interpreted differently: PanIN and ADM lesions 

associated with PanIN have the same mutations because ADM is a precursor for PanIN; and some 

of the ADM have progressed to PanIN owing to additional signaling or mutations that ADM did 

not have. As discussed earlier, it is also possible that the development of human PDAC from ADM 

might not follow the PanIN progression model, but rather might lead to occurrence of flat lesions 

(116). 
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Figure 1.3. Precursor Lesions of Pancreatic Ductal Adenocarcinoma 
(A) Acinar cells undergo ADM in response to inflammatory signals or oncogenic KRAS signaling 
and subsequently gives rise to PanIN lesions. Mature ductal cells may also undergo 
dedifferentiation to give rise to IPMN lesions. Both PanIN and IPMN lesions accumulate 
additional molecular alterations during progression to invasive adenocarcinoma. (B) The 
progression of PanIN from low-grade to high-grade are associated with an increased cellular atypia 
and tissue dysplasia. PanIN-1 and PanIN-2 are low-grade PanIN. PanIN-3 are considered 
carcinoma in situ. Frequency of common mutations are shown. 
(A) Modified from original figure in: Timothy R. Donahue and David W. Dawson. Leveraging 
Mechanisms Governing Pancreatic Tumorigenesis To Reduce Pancreatic Cancer Mortality. 
Trends in Endocrinology and Metabolism 2016 Nov;27(11):770-781. With permission from 
Elsevier (117) 
(B) Reproduced from original figure in: Michaël Noë and Lodewijk A.A. Brosens, Pathology of 
Pancreatic Cancer Precursor Lesions. Surgical Pathology Clinics 2016 Dec;9(4):561-580. With 
permission from Elsevier (118) 
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1.4 KLF5 in Gastrointestinal Physiology and Pathophysiology 

 Krüppel-like factor 5 (KLF5) is a member of family of triple-zinc finger transcription 

factors, and it has diverse functions in the development and homeostasis of many tissues in the 

body (See review on mammalian KLFs in Physiological Reviews (93)). KLF5 plays an important 

role during early embryogenesis, and Klf5 homozygous deletion in mouse embryo is lethal by 

embryonic day 8.5 (See review on the role of KLFs in stem cell and development in Development 

(94)) (119). The physiological role of KLF5 in the gastrointestinal system is best studied in the 

context of the intestines (See review on the roles of KLFs in gastrointestinal system in 

Gastroenterology (95)). KLF5 is normally expressed in the stem cells and the transient amplifying 

progenitor cells at the bottom of the crypt in the intestinal epithelium (120). Intestinal epithelium-

specific deletion of Klf5 in mice through a Cre recombinase under the control of Villin 1 (Vil1) 

promoter showed disruption in intestinal barrier function and increased inflammation due to the 

impaired epithelial proliferation and differentiation (121). Furthermore, the intestinal pathology is 

so severe that two-third of the newborn die shortly after birth (121). Interestingly, the surviving 

animal show a regenerative epithelium with increased expression of SOX9 (121). Similar study 

deleting Klf5 from intestinal epithelium using a Cre recombinase drive by Shh promoter showed 

impaired villi formation, possibly due to the lack of decrease in Sox9 expression normally 

associated with villi formation (122). The combined data showed that Klf5 is important for the 

development of normal intestinal tissue. To examine whether KLF5 is also required for the 

maintenance of intestinal epithelium in the adult mice, Klf5 was deleted by a tamoxifen-inducible 

Cre recombinase and estrogen receptor ligand binding domain fusion protein (CreERT2) controlled 

under Vil1 promoter (123). Mice with Klf5 deletion in adult intestinal epithelium showed epithelial 

distress in the colonic tissue and significant loss of proliferative epithelial cells in the crypts shortly 
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after tamoxifen induction (123). However, the disruption in epithelial homeostasis was followed 

by a regenerative response, and the proliferation and Sox9 expression was restored at day 11 after 

tamoxifen administration (123). The study showed that KLF5 is important for homeostasis in 

colonic epithelium in adult mouse.  

 KLF5 also has important roles in intestinal pathophysiology. Heterozygous Klf5 knockout 

mice are less susceptible to murine colonic hyperplasia caused by Citrobacter rodentium infection 

(124). Heterozygous Klf5 knockout animals are also more susceptible to dextran sulfate sodium 

(DSS)-induced colitis and have poor recovery after colitis with reduced epithelial proliferation and 

cell migration at sites of ulceration (125). Further supporting this, exogenous Klf5 expressed in 

intestinal epithelium of mice under Vil1 promoter protects mice from DSS-induced colitis possibly 

through enhanced cellular repair mediated by the activation of STAT3 signaling in the epithelial 

cells (126). KLF5 is also upregulated in response to DNA damage, and heterozygous Klf5 

knockout animals are more susceptible to γ irradiation injury (127, 128). 

 KLF5 functions as a pro-oncogenic factor in many types of gastrointestinal cancers, 

including oral squamous cell carcinoma (129), gastric cancer (130), pancreatic cancer (131, 132), 

and colorectal cancer (133, 134). Lysophosphatidic acid (LPA), a mitogen, induce proliferation of 

human colorectal cancer cell lines SW480 and HCT116 through induction of KLF5 (135), and all-

trans retinoid acid (ATRA) inhibits colorectal cancer cell proliferation by decreasing KLF5 

expression (133). LPA induces proliferation of colorectal cancer cells through activation of β-

catenin, the signaling molecule in WNT signaling pathway, and the activity of β-catenin is 

potentiated by KLF5 (136). KLF5’s role in activating the WNT signaling is further supported by 

data showing that heterozygous deletion of Klf5 in mice protect them from tumor initiation activity 

of mutant adenomatous polyposis coli (ApcMin/+) by reducing nuclear localization and activity of 
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β-catenin (137). KLF5 has also been shown to mediate oncogenic RAS signaling in colorectal 

cancer. KLF5 promotes proliferation through upregulation of CCND1 and CCNB1 in oncogenic 

HRAS transformed mouse fibroblast 3T3 cells and is upregulated in response to elevated MAPK 

activity and elevated expression of Egr1 (138, 139). Furthermore, heterozygous deletion of Klf5 

abrogates the cumulative increase in tumor initiation caused by oncogenic KrasG12V in mice 

expressing ApcMin/+ (140). In human colorectal cancer specimens and cell lines, overexpression of 

KLF5 correlates with the mutational status of KRAS, and inhibition of MAPK signaling using MEK 

inhibitor reduces KLF5 protein levels and cancer cell proliferation (141).  

 

1.5 KLF5 in Pancreatic Ductal Adenocarcinoma 

 Since oncogenic KRAS signaling drives expression of KLF5 in human colorectal cancer 

cell lines (141), it is possible that KLF5 is a pro-oncogenic factor in human pancreatic cancer. 

Meta-analysis from four gene expression studies in human PDAC identified KLF5 as a 

differentially overexpressed gene in tumor tissue (142). Earliest study on KLF5 in human 

pancreatic cancer cell line showed that KLF5 is overexpressed in those cell lines, not through 

MAPK signaling, but through IL-1β and p38 signaling (131). Furthermore, KLF5 expression can 

also be induced by hypoxia through hypoxia-inducible-factor 1α (HIF1α) (131). Lentiviral 

screening of 185 candidate pro-oncogenic and anti-oncogenic factor in pancreatic cancer cell lines 

using a pool of 558 shRNA identified KLF5 as a pro-oncogenic factor (143). Validation of this 

finding showed KLF5 knockdown in human PDAC cell line Panc5.04 decreased cancer cell 

proliferation (143). Transcriptomic analysis and epigenomic analysis identified KLF5 as a 

transcription factor important for maintaining ductal epithelial phenotype in low-grade human 

PDAC cell lines by activating the expression of epithelial genes such as keratins and mucins (144). 
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Furthermore, KLF5 deletion through CRISPR/Cas9 strategy in low-grade human PDAC cell line 

CFPAC1 reduced cancer cell proliferation in vitro and tumor growth in xenograft model in vivo 

(144). The correlation between KLF5 level and epithelial phenotype is also seen in the context of 

TGF-β signaling in the mouse model of PDAC (132). In mouse PDAC cells with KrasG12D 

expression and Cdkn2a deletion, TGF-β signaling induces epithelial-mesenchymal transition 

(EMT) through induction of Sox4 and Snai1 (132). However, EMT in those cells were quickly 

followed by apoptosis, which shows that TGF-β signaling have tumor suppressive effects (132). 

When Smad4 is deleted in the same cell line, TGF-β signaling induces Klf5 expression, and KLF5 

protein cooperates with SOX4 to promote tumorigenesis (132).  

The results of the previous studies showed that KLF5 is a pro-oncogenic factor and is 

important in cancer cell proliferation and survival. However, a couple of questions remain 

unanswered regarding the role of KLF5 in PDAC tumorigenesis. Whether KLF5 is important for 

early pancreatic tumorigenesis remain unexplored. Genome wide association studies (GWAS) on 

two independent cohorts of PDAC patients from China and U.S. identified the same SNPs in the 

noncoding region between KLF5 and KLF12 genes that are associated with significantly increased 

risk for pancreatic cancer (145). Most recent study of those SNPs showed that they are located in 

a region of super-enhancers and amplification of the region in multiple types of cancers cause 

oncogenic upregulation of KLF5 expression (146). These results suggest that KLF5 may have 

important role in the initiation of PDAC in addition to cancer progression. Furthermore, both 

shRNA knockdown of KLF5 and CRISPR/Cas9 knockout of KLF5 in human PDAC cancer cell 

line reduced cancer cell proliferation (143, 144). However, the underlying mechanism of the pro-

proliferative effects of KLF5 is unknown. In the following study, I tried to fill those gaps in 

knowledge. I used genetic engineered mouse models of PDAC with inducible acinar-specific Klf5 
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deletion to investigate the role of KLF5 during early pancreatic tumorigenesis. I also used mouse 

PDAC cell lines with inducible Klf5 knockdown to investigate the mechanisms underlying the pro-

proliferative effect of KLF5 in pancreatic cancer cells. 
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Chapter 2. Materials and Methods 

 

 

 

2.1 Mouse Strains  

All animal experiments were approved by Stony Brook University Institutional Animal 

Care and Use Committee. Klf5fl/fl (147), Ptf1a-CreERTM (Jackson Laboratory, Bar Harbor, Maine; 

Stock number 019378) (24), and LSL-KrasG12D (Jackson Laboratory, Stock Number: 008179) 

(148) mice have been described previously. All mice are maintained on mixed background. From 

animals with the above listed genotypes, acinar-specific Klf5 knockout mice (Ptf1a-

CreERTM;Klf5fl/fl), oncogenic Kras expressing mice (Ptf1a-CreERTM;LSL-KrasG12D), and mice with 

combination of both (Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl) were generated by cross breeding. For 

Klf5 knockout studies, Ptf1a-CreERTM littermates were used as controls. Experimental mice were 

euthanized via CO2 asphyxiation followed by cervical dislocation and necropsy. For subcutaneous 

allograft experiments, 10 weeks-old C57BL/6J (Stock Number: 008179) mice were purchase from 

Jackson Laboratory. A list of genetic engineered mouse strains are found in Table 2.1 below. 

Table 2.1 Genetically Engineered Mouse Strains 
Mouse Line Official Name 
Klf5fl/fl Klf5tm1Jaw/J 
Ptf1a-CreERTM Ptf1atm2(cre/ESR1)Cvw/J 
LSL-KrasG12D Krastm4Tyj/J  

 

2.2 Mouse Genotyping 

Mouse tail tips were harvested at postnatal day 21 and digested using Extracta DNA Prep 

Kit (Quanta Biosciences, Cat. # 95091-250). For <5 mm of tail, add 30 µl of Extraction Reagent 

(from kit) and heat to 95°C for 30 minutes. Samples were allowed to cool to room temperature 
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before 30 µl of Stabilization Reagent (from kit) was added. PCR reaction was performed using 1 

µl of the DNA extract, 7.5 µl of 2X Choice Taq Blue Mastermix (Denville, Cat. # CB4065-7), 

PCR primers (1µM final concentration), and water with total volume of 15 µl per reaction. The 

reactions were subjected to 94°C for 2 minutes, followed by 10 cycles of touchdown PCR (94°C 

for 20 seconds, 65°C (-0.5°C per cycle) for 15 seconds, then 68°C for 10 seconds), followed by 

28 cycles of PCR (94°C for 15 seconds, 60°C for 15 seconds, then 72°C for 10 seconds), followed 

by 72°C for 2 minutes. Genotyping primers are listed in Table 2.2 below. 

Table 2.2 Mouse Genotyping Primers 
Ptf1a-CreERTM 
Primer Sequence 5’->3’ Type 
17367 GAA GGC ATT TGT GTA GGG TCA Forward 
17368 GGC TGA GTG AGG GTT GTG AG Reverse 
LSL-KrasG12D 
Primer Sequence 5’->3’ Type 
22907 TGT CTT TCC CCA GCA CAG T Wild type Forward 
22908 CTG CAT AGT ACG CTA TAC CCT GT Common 
oIMR9592 GCA GGT CGA GGG ACC TAA TA Mutant Forward 
Klf5fl/fl 
Primer Sequence 5’->3’ Type 
Klf5F GCA TCA GGA GGG TTT CAT GT Forward 
Klf5R GTC TCG GCC TCA TTG CTA AG Reverse 

 

2.3 Tamoxifen Administration  

To induce Cre recombinase activity in mice with Ptf1a-CreERTM, tamoxifen was dissolved 

in corn oil and injected intraperitoneally. 30 mg of tamoxifen (Sigma-Aldrich, Cat. # T5648) was 

added to 1 ml of corn oil (Sigma-Aldrich, Cat. # C8267), and the mixture was sonicated on ice 

with 10 second pulses followed by 10 second wait at level 3 on Fisher Scientific Model 550 Sonic 

Dismembrator with a 1/8 inch probe until the tamoxifen has been fully dissolved. Three 100 µl 

injections of tamoxifen solution dissolved in corn oil (30 mg/ml, 3 mg/injection) or 100 µl of corn 

oil as control was injected intraperitoneally on alternating days. 
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2.4 Cerulein-induced Acute Pancreatitis 

To induce acute pancreatitis, mice were injected with cerulein using an injection regiment 

for 2 consecutive days. 1 mg of cerulein (Bachem, Cat. # H-3220) was dissolved in 1 ml of 

Dulbecco's Phosphate-Buffered Saline (PBS; Corning, Cat. # 21-031-CV) to make a stock 

solution. Stock solution (1 mg/ml) was aliquoted and stored at -20°C. On the day of injection, 

stock solution was dissolved to 20 µg/ml working solution and kept at 4°C until injection. Before 

each injection, cerulein working solution was allowed to warm to room temperature, and 50 µg of 

cerulein working solution were injected for each kg of body weight intraperitoneally hourly for 6 

hours. 

 

2.5 Histology, Immunohistochemistry and Immunofluorescence  

Mouse pancreata were fixed overnight in 10% neutral buffered formalin (Fisher Scientific), 

processed using automated processor, and paraffin-embedded. 5 µm sections on glass slides were 

used for histology, immunohistochemistry, and immunofluorescence staining. Hematoxylin and 

eosin (H&E) staining was performed with standard protocol. Briefly, formalin-fixed paraffin 

embedded (FFPE) 5 µm sections on glass slides were de-paraffinized by baking for at least 1 hour 

in 65°C oven. Slides were allowed to cool to room temperature and were incubated twice in xylene 

for 3 minutes each time. Tissue was rehydrated by consecutive 2 minute incubations in 100% 

ethanol, 95% ethanol, and 70% ethanol in distilled water. Tissues were incubated for 2 minutes in 

distilled water, then for 5 minutes in Gill's Hematoxylin III (Poly Scientific R&D Corp., Cat. # 

s211). Tissues were washed in tap water for 2 minutes, then incubated in lithium carbonate aqueous 

solution (0.05% w/v) for 30 seconds. Tissues were washed in distilled water for 2 minutes, then 
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incubated for 2 minutes in Eosin Y Alcoholic Working Solution (Poly Scientific R&D Corp., Cat. 

# s2186). Tissue was dehydrated in 95% ethanol for 10 seconds then 100% ethanol for 10 seconds. 

Slides were incubated in in xylene for 3 minutes each time. Finally, slides were mounted using 

Cytoseal XYL (ThermoFisher, Cat. # 8312-4). All micrographs were analyzed and captured using 

Nikon Eclipse 90i microscope (Nikon).  

Alcian Blue staining was performed as previously described (96). Briefly, Alcian Blue 

Working Solution was made by dissolving 1 g of Alcian Blue 8GX (Sigma-Aldrich, Cat. # A5268) 

in 100 ml of 3% acetic acid solution in distilled water (pH adjusted to 2.5). 5 µm FFPE sections 

on glass slides were de-paraffinized and rehydrated as described above for H&E staining. Tissues 

were then incubated in Alcian Blue Working Solution for 1 hour. Tissues were washed in distilled 

water for 2 minutes, then incubated for 2 minutes in Nuclear Fast Red (VECTOR, Cat. # H-3403). 

Tissue was dehydrated by consecutive 2 minute incubations in 70% ethanol in distilled water, 95% 

ethanol, and 100% ethanol. Slides were incubated in xylene and mounted as described above. All 

micrographs were analyzed and captured using Nikon Eclipse 90i microscope (Nikon). Total 

pancreatic area and Alcian blue stained area were quantified using ImageJ (149). Briefly, the total 

area is calculated from complete scan of entire pancreatic tissue section by subtraction thresholding 

of the white background from the total area. Alcian blue stained area was measured using 

thresholding by hue. For each sample, 2 tissue sections were analyzed. 

 Immunohistochemistry (IHC) and immunofluorescence (IF) were performed as previously 

described (150). Briefly, 5 µm FFPE tissue section on glass slides were de-paraffinized as describe 

above for H&E staining. Tissue was treated in 2% H2O2 in methanol for 30 minutes and then 

rehydrated as described above for H&E staining. Antigen retrieval was performed by subjecting 

the tissues to Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for 10 
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minutes at 120°C in decloaking chamber (Biocare Medical). Tissue was blocked in 5% w/v bovine 

serum albumin (BSA, Sigma-Aldrich, Cat. # 3116956001) dissolved in 1X TBST Buffer (20mM 

Tris Buffer, pH 7.5, 150mM NaCl, 0.1% Tween 20) for 1 hour at 37°C. Tissue was incubated 

overnight with primary antibody diluted in blocking buffer with gentle rocking at 4°C. After 

washing three times with 1X TBST, tissue was incubated for 30 minutes at 37°C with the proper 

corresponding secondary and tertiary antibodies, if applicable, conjugated with horse radish 

peroxidase (HRP) or fluorophore. Tissue was washed three times with 1X TBST for 5 minutes at 

room temperature with gentle shaking. For IHC stainings, tissue was developed with Betazoid 3, 

3'-Diaminobenzidine (DAB) Chromagen Kit (Biocare Medical, Cat. # BDB2004) for 1 minute. 

Tissue was washed in distilled water for 2 minutes, then counterstained with hematoxylin for 2 

minutes. Tissue was then dehydrated and mounted as previously described for Alcian Blue 

staining. For IF staining, tissue was counterstained with Hoechst 33258 (ThermoFisher, Cat. # 

H3569) for 5 minutes at room temperature. Tissue was washed three times with 1X TBST for 5 

minutes at room temperature with gentle shaking. Slides were mounted with ProLong™ Gold 

Antifade Mountant (ThermoFisher, Cat. # P10144).  

To examine cellular protein levels using immunocytochemistry (IC), cells were seeded at 

1x104 cells per well in 4-welled Millicell EZ Slide (EMD Millipore, Cat. # PEZGS0416). Cells 

were fixed in 1:1 actone:methanol at -20°C for 20 minutes. After washing in PBS, cells were 

permeabilized using 0.2% Triton X-100 in PBS at room temperature for 10 minutes. The slides 

were then blocked using blocking buffer consisting of 3% bovine serum albumin and 0.02% Triton 

X-100 in PBS at room temperature for 30 minutes. After blocking, the slide were incubated with 

primary antibody diluted in blocking buffer at 4°C overnight. After washing, fluorescent-labeled 

secondary antibody was added with the appropriate incubation and washing. The slides were then 
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counterstained with Hoechst and mounted as described for IF staining. Fluorescent images were 

captured and analyzed using Nikon Eclipse 90i microscope (Nikon). A list of antibodies used is 

shown in Table 2.3 below.  

Table 2.3 Primary Antibodies for IHC IF, and IC 
Antigen Host Company Catalog number 
α-SMA Mouse Abcam ab5694 
Amylase Goat Santa Cruz Sc-12821 
Cyclin D1 (for IC) Rabbit Biocare Medical CRM307AK 
KLF5 (for IC) Mouse Sigma-Aldrich SAB4200338 
KLF5 (for IHC) Goat R&D Systems AF3758 
MKI67 Rabbit Biocare Medical CRM325 
Keratin-19 (for IF) Rat DHSB TROMA-III 
Mac-3 Rat BD Biosciences 6206131 
Vimentin Rabbit Cell Signaling 5741 

 

2.6 Human Tissue Microarrays 

Human tissue microarrays PA2081a and PA2082 containing de-identified human PDAC 

tumor samples were purchased from US Biomax, Inc. (Derwood, MD). Combined, these arrays 

contain duplicate core samples from 191 unique cases with the following breakdown: 129 

pancreatic ductal adenocarcinoma, 26 normal tissue adjacent to tumor, 15 normal pancreas, and 

the remaining are pancreatic adenosquamous carcinoma, acinar cell carcinoma, neuroendocrine 

carcinoma, pancreatic islet cell tumor, and pancreatic inflammation. IHC staining for KLF5 was 

performed as described above. Cases were considered positive for KLF5 if both core samples 

contained positive KLF5 nuclear staining in more than 5% of tumor cells. Each core sample was 

reviewed for KLF5 positivity by two reviewer blinded to the pathological interpretation. 
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2.7 Cell Lines 

UN-KC-6141, mouse pancreatic cancer cell line derived from KC (Pdx1-Cre;LSL-

KrasG12D), was obtained from Dr. Surinder Batra (151). UN-KC-6141 were maintained in DMEM 

medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in 95% air and 5% 

carbon dioxide (CO2). The cell line was verified by immunocytochemistry staining for keratin-19, 

a specific pancreatic ductal epithelial marker, and cell morphology is routinely monitored. HEK 

293T cell line was purchased from American Type Culture Collection (ATCC) and cultured 

according to ATCC instructions. In addition, Mycoplasma tests were performed on all used cell 

lines.  

 

2.8 Kinase Inhibitor Treatment 

Kinase inhibitors LY294002 (Cell Signaling, Cat. # 9901), U0126 (Cell Signaling, Cat. # 

9903), PD98059 (Cell Signaling, Cat. # 9900), SB203580 (EMD Millipore, Cat. # 559398), and 

SP600125 (EMD Millipore, Cat. # 420119) were purchased from their respective manufacturers. 

For in vitro experiments, all kinase inhibitors were solubilized in complete culture media with final 

concentration of 0.1% dimethyl sulfoxide (DMSO, Fisher Scientific). For kinase inhibition 

experiments, UN-KC-6141 cells were seeded in culture and treated 24 hours later with medium, 

0.01% DMSO, LY294002 (20 µM), U0126 (10 µM), PD98059 (50 µM), SB203580 (20 µM), or 

SP600125 (10 µM). Cells were collected in 2X Laemmli Buffer (0.125M Tris-HCl, pH 6.8, 4% 

SDS, 10% 2-mercaptoethanol, 20% glycerol, and 0.004% bromophenol blue) 48 hours post 

treatment for western blot analysis or for MTS assay 24 hours, 48 hours, and 72 hours post-

treatment using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Cat. # 

G3582). 
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2.9 Western Blot Analysis 

 Western blot was performed as previously described (150). Cells in culture were collected 

in 2X Laemmli Buffer (0.125M Tris-HCl, pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 20% 

glycerol, and 0.004% bromophenol blue) for western blot analysis. Sample were subjected to 95°C 

heating for 10 minutes, followed by cooling to room temperature. Samples were shaken for 1 

minute on Genie SI-D248 Disruptor Shaker (Cole-Parmer, Cat. # UX-04724-36). Samples were 

spun down and used immediately or stored in -20°C for future use. Western blotting was performed 

using standard protocol. Briefly, samples were run on pre-cast 10% or 4-20% Novex™ Tris-

Glycine Midi Protein Gels (ThermoFisher) at 100V. Proteins were transferred in Transfer Buffer 

(25 mM Tris, 190 mM glycine, 20% methanol, and 0.1% SDS) onto supported nitrocellulose 

membrane, 0.45 µm (Bio-Rad) for 1 hour at 18V using semi-dry transfer with Trans-Blot® SD 

Semi-Dry Transfer Cell (Bio-Rad). Ponceau S (0.1% w/v in 5% acetic acid) staining was 

performed after transfer to verify that the transfer was successful. Membrane was washed with 1X 

TBST for 5 minutes at room temperature with gentle shaking, blocked in 5% non-fat milk in 1X 

TBST for 1 hour at room temperature with gentle rocking, and incubated with primary antibody 

in blocking buffer overnight at 4°C with gentle rocking. After washing three times with 1X TBST, 

membrane was incubated in the appropriate HRP-conjugated secondary antibody for 1 hour at 

room temperature with gentle shaking. After washing three times with 1X TBST, membranes were 

developed using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher, 

Cat. # 34580X4) or Immobilon Western Chemiluminescent HRP Substrate (Millipore, Cat. # 

WBKLS0500). Membrane was images with either X-ray film developer or Azure c300 Imager 

(Azure Biosystems). A list of primary antibody used for western blot is shown in Table 2.4 below. 

Densitometry quantification of western blot results was performed using ImageJ (22930834). 
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Table 2.4 Primary Antibodies for Western Blotting 
Antigen Host Company Catalog number 
β-actin Mouse Sigma-Aldrich A1978 
phospho-AKT Ser473 Rabbit Life Technologies 44-621G 
AKT    Rabbit Cell Signaling 9272 
Cyclin A2 Mouse Cell Signaling 4656 
Cyclin B1 Mouse Cell Signaling 4135 
Cyclin D1 (for Western) Mouse Cell Signaling 2926 
Cyclin E Mouse Millipore 05-363 
CDK2 Rabbit Cell Signaling 2546 
CDK4 Rabbit Cell Signaling 12790 
ERK1/2 Rabbit Millipore 06-182 
phospho-ERK1/2 Thr202/Tyr204 Rabbit Cell Signaling 9101 
KLF5 (for Western) Goat R&D Systems AF3758 
NDRG2 Rabbit Abcam Ab169775 
Stratifin (14-3-3σ) Goat R&D Systems AF4424 
phospho-STAT3 Y705 Rabbit Cell Signaling 9145 
STAT3 Rabbit Cell Signaling 4904 

 

 Protein from mouse pancreatic tissue was extract using 2X Laemmli Buffer without 2-

mercaptoethanol and bromophenol blue (0.125M Tris-HCl, pH 6.8, 4% SDS, and 20% glycerol) 

containing 1X Halt™ Protease and Phosphatase Inhibitor Cocktail (ThermoFisher, Cat. # 78440). 

400 µl of protein extraction buffer was added to 20 mg of mouse pancreatic tissue, and 

homogenized on ice at maximum speed for 30 seconds using rotor-stator homogenizer. Protein 

sample was centrifuged at 12,000 x g for 5 minutes. Supernatant containing protein was collected 

and insoluble debris was discarded. 20 µl of protein sample was used to quantify protein 

concentration using Pierce™ BCA Protein Assay Kit (ThermoFisher, Cat. # 23225). Remaining 

sample was frozen at -20°C until use. Before use in western blotting, samples were diluted with 

2X Laemmli Buffer containing 2-mercaptoethanol and bromophenol blue at 1:1 ratio and 

processed as described above. 
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2.10 Doxycycline-inducible shRNA Expressing Cell Line 

 Tet-pLKO-puro was a gift from Dmitri Wiederschain (Addgene plasmid # 21915) (152). 

pLTR-G was a gift from Jakob Reiser (Addgene plasmid # 17532) (153). pCD/NL-BH*ΔΔΔ was 

a gift from Jakob Reiser (Addgene plasmid # 17531) (154). Doxycycline hyclate (Sigma-Aldrich, 

Cat. # D9891), was purchased from their manufacturer. UN-KC-6141 cell line with tetracycline 

inducible expression of shRNA against Klf5 was generated as previously described (152). All 

lentiviral experiments were performed under the approval of Stony Brook University Institutional 

Biosafety Committee. Briefly, shRNA constructs against mouse Klf5 (shown in Table 2.5 below) 

and scrambled shRNA construct (155) were synthesized by the Stony Brook University Genomics 

Core Facility. shRNA constructs were subcloned into EcoRI and AgeI sites of the Tet-pLKO-puro 

vector. Positive clones were identified using XhoI digestion and confirmed using DNA sequencing. 

For the packaging of lentivirus, HEK 293T cells were seeded and Tet-pLKO-puro vector with 

shRNA constructs were transfected with pLTR-G vector and pCD/NL-BH*ΔΔΔ using 

Lipofectamine 2000 (ThermoFisher, Cat. # 11668027). Viral supernatant was harvested 48 hours 

after transfection. UN-KC-6141 were treated with viral supernatant and 5 µg/ml of polybrene for 

72 hours. After 72 hours, medium was replaced with normal culture medium containing 2 µg/ml 

of puromycin for selection. UN-KC-6141 cells were selected for 9 days with medium change every 

3 days. Control cell line with inducible expression of scrambled shRNA construct was also 

generated using the same methods described. 

 

 

 

 



 

39 
 

Table 2.5 shRNA Constructs 
Construct Sequence 
Scramble shRNA top strand CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAG

GGCGACTTAACCTTAGGTTTTT 
Scramble shRNA bottom strand AATTAAAAACCTAAGGTTAAGTCGCCCTCGCTCGA

GCGAGGGCGACTTAACCTTAGG 
TRCN0000055287 top strand 
(Klf5 specific shRNA) 

CCGGGCAGTAATGGACACCCTTAATCTCGAGATTA
AGGGTGTCCATTACTGCTTTTT 

TRCN0000055287 bottom 
strand (Klf5 specific shRNA) 

AATTAAAAAGCAGTAATGGACACCCTTAATCTCGA
GATTAAGGGTGTCCATTACTGC 

 

2.11 CRISPR/Cas9 Klf5 Knockout Cell Line 

 UN-KC-6141 cell line with Klf5 knockout was generated as previously described (156). 

BTEB2 Double Nickase Plasmid (m) (Santa Cruz, Cat. # sc-419372-NIC), BTEB2 Double 

Nickase Plasmid (m2) (Santa Cruz, Cat. # sc-419372-NIC2), Control Double Nickase Plasmid 

(Santa Cruz, Cat. # sc-437281), and UltraCruz® Transfection Reagent (Santa Cruz, Cat. # sc-

395739) were purchase from their manufacturer and transfection was performed according to the 

manufacturer’s instruction. GFP positive cells were sorted using BD FACSAria cell sorter (BD). 

After sorting, cells were selected using normal culture medium containing 2 µg/ml of puromycin 

for 9 days with medium change every 3 days. Isolation of single cell clones was accomplished by 

serial dilution and protein level of KLF5 was examine using western blot analysis. Clones lacking 

KLF5 protein were selected and genomic DNA was extracted using GenElute™ Mammalian 

Genomic DNA Miniprep Kit Protocol (Sigma-Aldrich, Cat. # G1N10) according to the 

manufacturer’s instructions. Genomic DNA extracted were used as template in a PCR reaction 

using flanking primers designed to detect deletion at the target site (See Table 2.6 below for primer 

sequences). The PCR reaction was performed using AccuTaq™ LA DNA Polymerase (Sigma-

Aldrich, Cat. # D8045) according to the manufacturer’s instructions. Deletions were verified by 
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sequencing using M13 primers (sequencing was performed by Stony Brook University Genomics 

Core Facility, see Table 2.6 below for primer sequences). 

Table 2.6 Sequencing Primers for Checking CRISPR/Cas9 Deletion 
Primer or Construct Sequence 
Klf5 Double Nickase Plasmid (m) 
Forward Sequencing Primer 

TGTAAAACGACGGCCAGTTCGACCCAGGATCCAA
CTCTTCGTGAGCGTCTGGCT 

Klf5 Double Nickase Plasmid (m) 
Reverse Sequencing Primer 

CAGGAAACAGCTATGACCATGATCCAGTACTTGA
GAGAATCCATCGAGCTTTCATCCCCACGCAAG 

Klf5 Double Nickase Plasmid 
(m2) Forward Sequencing Primer 

TGTAAAACGACGGCCAGTTCGACCCAGGATCCAA
CTTTAGGAGTTGGCCCCTGTACT 

Klf5 Double Nickase Plasmid 
(m2) Reverse Sequencing Primer 

CAGGAAACAGCTATGACCATGATCCAGTACTTGA
GAGAATCCATCGGGGTTAAGGCCTGCCATAGAA 

 

2.12 Cell Proliferation and Cell Cycle Progression Assay 

For cell proliferation experiments, UN-KC-6141 cell lines with tetracycline inducible 

expression of shRNA against Klf5 or scrambled control shRNA were seeded at 5 x 103 cells/60 

mm culture dish and cultured in medium containing 50 ng/ml of doxycycline. Live cells were 

collected at 1-6 days post seeding and their numbers were determined by counting using a Coulter 

counter (Beckman Coulter). Each experiment was done in triplicate. In MTS assay and cell cycle 

progression assay using UN-KC-6141 cell lines with tetracycline inducible expression of shRNA 

against Klf5, UN-KC-6141 cell lines were pretreated for 3 days with 50 ng/ml of doxycycline 

before seeding. After additional 24, 48, and 72 hours of culture in 96-well plate, 20 μl of MTS 

solution (Promega, Cat. # G3582) was added to each well and an analysis was performed according 

to the manufacturer’s protocol. The measurements of the control scrambled shRNA expressing 

cell line was defined as 100% and the results from other measurements were calculated 

accordingly. Each experiment was repeated for at least 3 times.  

Cell cycle progression assay was performed as described previously (157). Each 

experiment was done in triplicate. Briefly, cells seeded in 60 mm culture dish were washed with 1 
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ml of ice-cold PBS and trypsinized with 500 µl of 0.25% (w/v) Trypsin- 0.53 mM EDTA solution. 

Cells were collected in 4 ml of culture media and centrifuged at 300 x g for 5 minutes. Culture 

media was aspirated, and cells were fixed in 1 ml of 70% ethanol in PBS overnight at -20°C. 

Permeabilization buffer was made by adding 1% BSA and 0.2% Triton X-100 (Sigma-Aldrich, 

Cat. # X-100) to PBS. Staining buffer was made by adding 0.1% Triton X-100 and 1 mg/ml of 

RNase A in water. 5 ml of Permeabilization buffer was added to fixed cells, and cells were 

centrifuged at 300 x g for 5 minutes. After aspirating the supernatant, the cell pellet was re-

suspended in 200 µl of Staining Buffer and transferred into 12mm x 75mm FACS tubes. 20 µl of 

2 mM stock solution of propidium iodide (Sigma-Aldrich, Cat. # P4170) in water was added to 

make the final concentration 200 µM. Flow cytometry was performed by Stony Brook Research 

Flow Cytometry Core Facility using BD FACSCalibur cell analyzer. 

For proliferation recovery experiments, UN-KC-6141 cell lines with tetracycline inducible 

expression of shRNA against Klf5 or scrambled control shRNA were seeded at 1 x 104 cells/60 

mm culture dish and cultured in medium with and without 50 ng/ml of doxycycline for the first 6 

days. Live cells were collected at 1-6 days post seeding and their numbers were determined by 

counting using a Coulter counter (Beckman Coulter). UN-KC-6141 cell lines with tetracycline 

inducible expression of shRNA against Klf5 and control treated with media containing 50 ng/ml 

of doxycycline for the first 6 days were reseeded as before and were either continued on media 

containing 50 ng/ml of doxycycline or cultured in media without doxycycline for 6 days. Again, 

live cells were collected and counted at 1-6 days after seeding (7-12 days after the start of 

doxycycline treatment) as described. For the third cycle, UN-KC-6141 cell lines with tetracycline 

inducible expression of shRNA against Klf5 and treated with media containing 50 ng/ml of 

doxycycline for 6 days and recovered in media without doxycycline for 6 days were compared 
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with cells that were treated for 12 continuous days. The cells were seeded as already described and 

live cells were collected and counted at 1-6 days after seeding (13-18 days after the start of 

doxycycline treatment) as described. 

 

2.13 RNA Isolation and Expression Analysis 

Total RNA from UN-KC-6141 cell lines was extracted using TRIzol Reagent 

(ThermoFisher, Cat. # 15596026) per manufacturer’s protocol. DNase digestion was performed 

using RNase-Free DNase Set (Qiagen, Cat. # 79254) according to manufacturer’s protocol. RNA 

was then cleaned up using RNeasy MinElute Cleanup Kit (Qiagen, Cat. # 74204) according to 

manufacturer’s protocol. cDNA synthesis was performed using SuperScript VILO cDNA 

Synthesis Kit (ThermoFisher, Cat. # 11754050) according to manufacturer’s protocol. qRT-PCR 

analysis were performed using TaqMan Gene Expression Primers Mm00456521_m1 

(ThermoFisher, Cat. # 4331182) for Klf5, Mm03024075_m1 (ThermoFisher, Cat. # 4331182) for 

Hprt1, Mm99999915_g1 (ThermoFisher, Cat. # 4331182) for Gapdh, and Mm00443483_m1 for 

Ndrg2. qPCR assay was performed using TaqMan Gene Expression Master Mix (ThermoFisher, 

Cat. # 4369016) and QuantStudio 3 qPCR machine (ThermoFisher). qPCR arrays were performed 

using Mouse Cell Cycle RT2 Profiler PCR Array (Qiagen, Cat. # 330231) and RT² SYBR Green 

ROX qPCR Mastermix (Qiagen, Cat. # 330524). 

For RNA sequencing performed by New York Genome Center, RNA sequencing libraries 

were prepared using the KAPA Stranded RNA-Seq Kit with RiboErase (kapabiosystems) in 

accordance with the manufacturer’s instructions. Briefly, 500 ng of total RNA was used for 

ribosomal depletion and fragmentation. Depleted RNA underwent first and second strand cDNA 

synthesis. cDNA was then adenylated, ligated to Illumina sequencing adapters, and amplified by 
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PCR (using 9 cycles). Final libraries were evaluated using fluorescent-based assays including 

PicoGreen (Life Technologies) or Qubit Fluorometer (Life Technologies) and Fragment Analyzer 

(Advanced Analytics) or BioAnalyzer (Agilent 2100), and were sequenced on an Illumina 

HiSeq2500 sequencer (v4 chemistry, v2 chemistry for Rapid Run) using 2 x 125bp cycles. 

Reads were aligned to the NCBI GRCm38 mouse reference using STAR aligner (v2.4.2a).8 

Quantification of genes annotated in Gencode vM5 were performed using featureCounts (v1.4.3) 

and quantification of transcripts using Kalisto (158). QC were collected with Picard (v1.83) and 

RSeQC (http://broadinstitute.github.io/picard/) (159). Normalization of feature counts and 

statistical modeling using negative binomial distribution was done using the DESeq2 package 

(160). P-value were adjusted for multiple comparisons using Bonferroni correction. Significant 

genes have a minimum log2 fold-change of 1 and a maximum adjusted P-value of 0.05. 

 

2.14 Chromatin Immunoprecipitation 

ChIP-PCR was performed using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling, 

Cat. # 9003) using manufacturer’s protocol.  Briefly, UN-KC-6141 cell lines with tetracycline 

inducible expression of shRNA against Klf5 or scrambled control shRNA after 5 days of 50 ng/ml 

doxycycline treatment were fixed with formaldehyde and DNA was digested with Micrococcal 

nuclease. Digested protein-DNA was incubated with anti-KLF5 antibody (Abcam Cat. # 

ab137676) and precipitated using Protein G coated magnetic beads. Rabbit IgG (Cell Signaling, 

Cat. # #2729) and anti-Histone 3 (Cell Signaling, Cat. #4620) antibodies were used as negative 

and positive controls, respectively. PCR were ran using primers sets specific for potential binding 

site. See Table 2.7 below for list of primers. 

 
 

http://broadinstitute.github.io/picard/
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Table 2.7 Primer for Potential KLF5 Binding Sites 
Primer  Sequence 
Ndrg2 Promoter Site 1 Forward Sequence Primer TGCAGTCTCTAGTCTCCGGG 
Ndrg2 Promoter Site 1 Reverse Sequence Primer AGCGTTCACACTCAATCTTGT 
Ndrg2 Promoter Site 2 Forward Sequence Primer GGATGAAAGGGGCATTGATGT 
Ndrg2 Promoter Site 2 Reverse Sequence Primer CAATGTCCAATGGAACCGGA 
Ndrg2 Promoter Site 3 Forward Sequence Primer GTCTCCCCACTTTACCCGTC 
Ndrg2 Promoter Site 3 Reverse Sequence Primer CGTGGGGGATCCCTTAAACC 
Ndrg2 Promoter Site 4 Forward Sequence Primer GAGCCTATGAGCATCACCTCT 
Ndrg2 Promoter Site 4 Reverse Sequence Primer AAACACGCCCCGTAACTCG 
Ndrg2 Promoter Site 5 Forward Sequence Primer GCGGACCTAAGTCAAAGGCA 
Ndrg2 Promoter Site 5 Reverse Sequence Primer CCGAACTACAGCCAGGAGAC 
Krt19 Promoter Site Forward Sequence Primer GGTGGGGCAACCTTGTCTCAGAA 
Krt19 Promoter Site Reverse Sequence Primer ACCCCTCTGAGCCCCAACTCA 

 

2.15 Subcutaneous Allograft Model of Tumor Growth  

One flank of each is injected with Klf5 shRNA cells and the opposite flank with scrambled 

shRNA control cells. The tumors were allowed to grow undisturbed for 7 days. 7 days after 

implantation, the mice (8 males and 8 females, n = 16) were given water containing 1mg/ml of 

doxycycline and 5% sucrose to induce shRNA expression. Animal weight and tumor volume, 

measured by external caliper measurements (2544306), were monitored daily from the onset of 

doxycycline treatment (7 days after implantation) to 14 days after implantation. The animals were 

euthanized at 14 days after implantation, and the tumors were collected for formalin-fixed paraffin 

embedded preparation. 

 

2.16 LightSwitch Luciferase Promotor Activity Assay 

 GoClone® reporter vectors without promoter (pLightSwitch-empty prom) or with human 

KRT19 (pLightSwitch-KRT19 prom) were purchased from their manufacturer (Active Motif). 

Vector containing human KLF5 cDNA with an N-terminal HA tag inserted into pEGFP-N1 after 

excision of gene encoding EGFP was previously described (KLF5-OE) and was used to 
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overexpress human KLF5 protein (161). Similar vectors containing human SP1 cDNA (SP1-OE) 

and KLF4 cDNA (KLF4-OE) available in the lab were used to overexpress human SP1 and KLF4 

proteins, respectively. pEGFP-N1 after excision of gene encoding EGFP was used as negative 

control. HEK293T cells were seeded at 1x104 cells per well in 96-well white tissue culture plate 

and cultured in culture media without antibiotics for 24 hours after seeding to obtain 70% 

confluency at transfection. The cells were co-transfected using Lipofectamine 2000 

(ThermoFisher, Cat. # 11668027) with either pLightSwitch-KRT19 prom or pLightSwitch-empty 

prom and a combination of two of the overexpression vectors (KLF5-OE, SP1-OE, KLF4-OE, or 

pEGFP-N1 after excision of gene encoding EGFP). Media was replaced with fresh media without 

antibiotics 6 hours after transfection. Cells were assayed 24 hours after transfection using 

LightSwitch Reporter Assay Kit (Active Motif, LS010) according to the manufacturer’s protocol.  

 

2.17 Statistical Methods 

 Two-sided Student’s T-tests, two-sided Mann-Whitney tests, and Spearman’s Rank 

Correlation were performed when appropriate using GraphPad Prism version 5.00 for Windows 

(GraphPad Software, Sand Diego, CA). A P-value of < 0.05 was considered significant. For 

subcutaneous allograft experiments, statistical analysis was performed using a linear mixed model 

for longitudinal data. Dependence of tumor on both flanks of a mouse was modeled using 

unstructured covariance matrix and dependence of 7 volumes over time from a tumor was modeled 

using compound symmetry structure. This type of dependence matrix was selected based on 

Akaike Information Criteria. Volumes at Day 7 after implantation was used as a covariate. 
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Chapter 3. KLF5 Knockout in Early Pancreatic Tumorigenesis 
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3.1 Introduction 

 Pancreatic tumorigenesis is a complex process involving transformation, followed by 

dysplasia and invasion. The best known genetic initiators of this process are mutations in KRAS 

(162). KRAS mutations are the earliest and most common mutations found in patient tumors (162). 

Mouse models with pancreas-specific expression of mutant Kras have become widely adopted in 

the study of early pancreatic tumorigenesis due to their ability to recapitulate the processes of 

acinar-to-ductal metaplasia (ADM) and pancreatic intraepithelial neoplasm (PanIN) formation 

(65). Activation of oncogenic KRAS signaling trigger pathological changes by disrupting the 

complex of transcriptional network that regulates normal cellular identity. Until the recent 

advances in sequencing technology and transgenic mouse models, it was impossible to study the 

complex transcriptional regulation involved in the cellular transformation in mammals in a 

spatiotemporal manner and on a transcriptome-wide basis. With the current technology, we have 

only begun to identify key transcription factors induced by oncogenic KRAS (e.g. SOX9 and 

KLF4) that are required for ADM and PanIN formation (78, 96). 
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 Krüppel-like Factor 5 (KLF5) is an important factor in gastrointestinal physiology and 

pathophysiology, and its dysregulation has been implicated in the oncogenesis in almost every 

type of gastrointestinal tissue (95). Very little is known about the role KLF5 plays in the early 

pancreatic tumorigenesis. The only study implicating KLF5 as a mediator of pancreatic 

tumorigenesis was conducted in the context of TGF-β tumor suppression and SMAD4 mutations 

(132). In pancreatic cancer cell lines and mouse models with wild-type SMAD4 and oncogenic 

KRAS, TGF-β stimulation induces cancer cells to express SOX4 and undergo epithelial-to-

mesenchymal transition (EMT) through transcriptional activation of SNAI1 (132). SNAI1 protein 

transcriptionally represses KLF5, and this in turn allows SOX4 protein to induce apoptotic gene 

expression (132). When the function of SMAD4 is disrupted due to genetic deletion, SOX4 is 

upregulated independent of SNAI1 expression, and the concomitant expression of SOX4 and KLF5 

promotes tumorigenesis (132). This study demonstrated the importance of KLF5 in promoting 

oncogenesis and challenged the conventional notion of EMT as a pro-oncogenic event linked to 

metastasis and oncogenic progression (132). However, the study does not address the role of KLF5 

and TGF-β signaling in ADM and PanIN formation during early pancreatic tumorigenesis, because 

both the mouse models and the human cancer cell lines used in the study have already undergone 

neoplastic transformation (132). A more recent study showed that the TGF-β stimulation triggers 

ADM in acinar cells isolated from human pancreas using flow cytometry, suggesting that the TGF-

β signaling has complex effect during early pancreatic tumorigenesis that might be opposite of its 

effect after neoplastic transformation (77). Furthermore, SMAD4 mutations are almost exclusively 

found in PanIN-3 lesions, suggesting that the TGF-β/SMAD/SNAI1 pathway described may be 

more relevant to the role of KLF5 during pancreatic cancer progression and less important during 

PanIN formation.  
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KLF5 is required for multiple processes during the development of the embryo. 

Homozygous deletion of Klf5 in mouse is embryonically lethal at E8.5 (119). Since the role of 

KLF5 in pancreatic development during embryogenesis is unknown, constitutive deletion of Klf5 

in the pancreas of the mouse could have the unforeseeable effects. Furthermore, the effects of Klf5 

knockout in the pancreas or in whole-body of the adult mouse had not been studied. To overcome 

this limitation, a tamoxifen-inducible Cre recombinase fused to mutant estrogen receptor ligand 

binding domain (CreERTM) expressed under Pancreas-specific Transcription Factor, Subunit 1a 

(Ptf1a) promoter (Ptf1a-CreERTM allele) can be used to trigger Cre-mediated recombination in adult 

acinar cells in a spatiotemporal manner and bypassing the undesirable effects of deletion of Klf5 

during embryogenesis (24). Previous experiment characterizing the efficiency and specificity of 

this system using eYFP lineage tracing has shown that activation of Cre function by tamoxifen 

injections after E18.5 gave rise to eYFP tracing limited to the acinar cell population (24). In adult 

mice at 5 weeks of age, three injections of tamoxifen at 3mg per injection given over 6 days 

induced 60-80% recombination of Rosa26LacZ and Rosa26eYFP alleles (24).  

To address the gap in the knowledge on the role of KLF5 during ADM and PanIN 

formation, I utilized Ptf1a-CreERTM, LSL-KrasG12D and Klf5fl/fl mouse models to examine the effects 

of Klf5 deletion during those processes (24, 147, 148). By crossbreeding, I generated mice with 

acinar cell-specific KrasG12D expression and Klf5 deletion that are induced with precise 

spatiotemporal control by tamoxifen injections. The experiments using those mice demonstrated 

that KLF5 is required for spontaneous KrasG12D-induced PanIN formation and PanIN formation 

following acute pancreatitis. Furthermore, acinar cells with deletion of Klf5 failed to undergo 

pancreatitis-induced ADM. Changes in gene expression due to Klf5 deletion during ADM were 

identified using RNA-sequencing, showing Ndrg2 as a potential target gene. The upregulation of 
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NDRG2 after Klf5 deletion was validated, and the physical interaction between KLF5 and Ndrg2 

promoter was shown. The results demonstrated that KLF5 is a critical factor required for the 

complex transcriptional network involved in cellular transformation during ADM and PanIN 

formation. Furthermore, the results also implicated NDRG2 as a novel regulator of the signaling 

pathways underlying ADM.  

 

3.2 Characterization of Mice with Klf5 Knockout in Pancreatic Acinar Cells 

 To study whether KLF5 is expressed during KrasG12D-induced PanIN formation, I 

performed IHC analyses in the pancreata of wild-type (C57BL/6) and Ptf1a-Cre;LSL-KrasG12D 

mice. Ptf1a-Cre;LSL-KrasG12D mice are born with morphologically normal pancreas and 

spontaneously develop PanINs as they age (Figure 3.1, A and B) (65). In wild-type mouse 

pancreas, KLF5 staining was localized to the nuclei of ductal cells (Figure 3.1C). Acinar cells did 

not express KLF5, and the islet cells had low levels of nuclear KLF5 (Figure 3.1C). In Ptf1a-

Cre;LSL-KrasG12D mouse pancreas, both ADM and PanIN lesions displayed high levels of nuclear 

KLF5 (Figure 3.1D). The data suggest that KLF5 is upregulated in response to oncogenic KRAS 

signaling and may mediate ADM and PanIN formation.  

To examine the requirement for KLF5 in spontaneous KrasG12D-induced PanIN formation, 

I crossbred mice with the Ptf1a-CreERTM, LSL-KrasG12D and Klf5fl/fl alleles to generated mice that 

combine oncogenic KrasG12D expression and Klf5 deletion in acinar cells upon tamoxifen 

administration (Figure 3.2A). I obtained mice with four different combinations of transgenic 

alleles: Ptf1a-CreERTM, Ptf1a-CreERTM;Klf5fl/fl, Ptf1a-CreERTM;LSL-KrasG12D, and Ptf1a-

CreERTM;LSL-KrasG12D;Klf5fl/fl. There were no differences in the overall health and weight among 

the mice of different genotypes at 5-7 weeks of age. Pancreatic tissue collected two days after 
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administration of corn oil (vehicle for tamoxifen) from mice at 5-7 weeks of age showed normal 

pancreatic histology in all four genotypes (Figure 3.2B). Animals were followed up until 6 months 

after corn oil injection (7-8 months of age), and mice of all four genotypes showed normal overall 

health, weight, and pancreatic histology (Figure 3.2B). 
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Figure 3.1. Expression of KLF5 in Normal Mouse Pancreas and Mouse Model of PDAC 
H&E staining of normal pancreas from 6 months-old C57BL/6 mice (A) and diseased pancreas 
from 6 months-old Ptf1a-Cre;LSL-KrasG12D mouse (B). Immunohistochemical analysis of KLF5 
in pancreas from 6 months-old C57BL/6 strain mouse (C) and in pancreas from 6 months-old 
Ptf1a-Cre;LSL-KrasG12D mouse (D). Scale bars = 100 µm.  
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Figure 3.2 Ptf1a-CreERTM/LoxP System 
(A) Outline of the models that allow for the expression of KrasG12D and deletion of Klf5 after 
tamoxifen induction. (B) H&E staining of pancreatic tissue from mouse of indicated genotypes 2 
days and 6 months after corn oil (CO) injections. Scale bars = 250 µm. 
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3.3 Klf5 Knockout Reduces KRASG12D-induced PanIN Formation 

Previous study characterizing Ptf1a-CreERTM mouse model showed that the recombination 

efficiency of Rosa26LacZ allele by CreERTM fusion protein increases with dosage of tamoxifen in a 

dosage-dependent manner (24). Validation of inducible Cre recombinase activity showed that 

three 3 mg tamoxifen injections given over 6 days starting at 5 weeks of age induced up to 80% 

recombination of Rosa26LacZ alleles in pancreatic acinar cells (24). Based on these published data, 

I adopted this tamoxifen injection regimen and collected pancreatic tissue from mice to examine 

spontaneous PanIN formation at 3 months after the last tamoxifen injection (Figure 3.3A). As 

shown in the control experiment above, mice injected with corn oil alone do not develop PanINs 

when observe up to 6 months after injection (Figure 3.2B). At 3 months after tamoxifen 

administration, histological analysis showed morphologically normal acini in Ptf1a-CreERTM and 

Ptf1a-CreERTM;Klf5fl/fl mice (Figure 3.3B). In contrast, pancreata of Ptf1a-CreERTM;LSL-KrasG12D 

mice contained large regions comprising of ductal structures embedded in extensive desmoplasia 

(Figure 3.3B). The ductal lesions stained positive for Alcian Blue, a marker for mucin production 

in PanINs, Ptf1a-CreERTM;LSL-KrasG12D mice (Figure 3.3C). These finding are consistent with 

earlier reports of spontaneously formed mouse PanIN in oncogenic KrasG12D-induced models (65, 

78). In comparison, Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice had fewer ductal lesions, without 

extensive desmoplasia (Figure 3.3B). Quantifications of the percentage of total pancreatic area 

stained positive for Alcian Blue, a measure of the area affected by PanIN, showed no difference 

between Ptf1a-CreERTM and Ptf1a-CreERTM;Klf5fl/fl mice (0.20% ± 0.13%, n = 3 vs. 0.27% ± 0.11%, 

n = 8, respectively; Mean ± SD) (Figure 3.3C). On the other hand, Ptf1a-CreERTM;LSL-

KrasG12D;Klf5fl/fl mice had significantly reduced Alcian Blue positive area compared to Ptf1a-

CreERTM;LSL-KrasG12D (2.62% ± 1.66, n = 6 vs. 0.45% ± 0.11%, n = 4, respectively; Mean ± SD) 
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(Figure 3.3C). IHC staining for KLF5 shows nuclear staining localized to the ductal cells in Ptf1a-

CreERTM and Ptf1a-CreERTM;Klf5fl/fl mice (Figure 3.3D). PanIN lesions in Ptf1a-CreERTM;LSL-

KrasG12D mice had positive nuclear KLF5 staining (Figure 3.3D). Rare ductal lesions in Ptf1a-

CreERTM;LSL-KrasG12D;Klf5fl/fl mice retained partial nuclear KLF5 staining, suggesting that those 

cells escaped Klf5 deletion. The results indicate that KLF5 is required for the spontaneous 

formation of KrasG12D-induced PanIN in vivo. 
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Figure 3.3 KrasG12D-induced PanIN Formation after Klf5 Deletion  
(A) Scheme showing inducible model of KrasG12D expression and inactivation of Klf5. (B) H&E 
staining of pancreata from mice of each genotype. Scale bar = 250 µm. * in image indicate residual 
PanIN. (C) Alcian Blue staining counterstained with Nuclear Fast Red of pancreata from mice of 
each genotype. Scale bar = 100 µm. Graph showing quantification of percent Alcian Blue+ 
pancreatic area. Data represents mean, * P < 0.05 by Mann-Whitney test. (D) 
Immunohistochemical analysis of KLF5 in pancreata from mice of each genotype. Scale bars = 
100 µm.  



 

56 
 

3.4 Klf5 Knockout Reduces Acute Pancreatitis-induced ADM  

Chronic inflammation is a major risk factor associated with pancreatic cancer in human 

(163). Pancreatitis induced by cerulein, an oligopeptide secretagogue, can accelerate KrasG12D-

induced PanIN formation by promoting inflammation-induced ADM (164). In this model of 

pancreatitis, acute pancreatitis is observable in the pancreas during and immediately after cerulein 

injections (164).  ADM is observable in the pancreas at 2 days after cerulein injections (164). 

Pancreas of mice with wild-type Kras recover when examined at 7 days after cerulein injections 

(164). At 21 days after cerulein injections, the pancreata of mice with KrasG12D mutation are 

predominantly filled with PanIN lesions (164). To examine the role of KLF5 in pancreatitis-

induced ADM and PanIN formation, I examined pancreata from the mouse model at 1 hour, 2 

days, and 2 weeks after cerulein treatment (Figure 3.4A). H&E staining of pancreata from mice of 

all four genotypes at 1 hour time-point showed disrupted acinar morphology and infiltration of 

inflammatory cells consistent with acute pancreatitis (Figure 3.4B). Acute pancreatitis was verified 

by serum amylase measurement 1 hour after last injection of cerulein (Figure 3.4B), and there was 

no significant difference in the serum amylase level between different genotypes treated with 

cerulein (Figure 3.4C). Pancreata from Ptf1a-CreERTM control mice 2 days after cerulein treatment 

contain ADM (Figure 3.5A), characterized by appearance of duct-like structures with large lumen 

consistent with previous reports (78, 164). Pancreata from Ptf1a-CreERTM;LSL-KrasG12D mice at 2 

days after cerulein treatment contain more extensive ADM compared to the control (Figure 3.5A). 

In contrast, Ptf1a-CreERTM;Klf5fl/fl and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice at 2 day time-

point failed to form ADM (Figure 3.5A). By 2 week time-point, pancreata from Ptf1a-CreERTM and 

Ptf1a-CreERTM;Klf5fl/fl mice were indistinguishable from PBS-treated control mice based on 

histology (Figure 3.5A). Ptf1a-CreERTM;LSL-KrasG12D mice developed large regions containing 
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PanINs. In contrast, pancreata from Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice have significantly 

fewer PanINs. Quantifications of ductal lesions in Ptf1a-CreERTM;LSL-KrasG12D and Ptf1a-

CreERTM;LSL-KrasG12D;Klf5fl/fl mice showed a 77% reduction in the number of lesions after Klf5 

inactivation (Figure 3.5A) (205 ± 33, n = 5 vs. 47 ± 20, n = 4, respectively; Mean ± SD; P < 0.05 

by Mann-Whitney test). Quantification of Alcian Blue positive area showed minimal difference 

between Ptf1a-CreERTM and Ptf1a-CreERTM;Klf5fl/fl mice in comparison to the significant difference 

between Ptf1a-CreERTM;LSL-KrasG12D and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice (7.16% ± 

3.55%, n = 5 vs. 0.64% ± 0.41%, n = 4, respectively; Mean ± SD; P < 0.05 by Mann-Whitney test) 

(Figure 3.5B). These results demonstrated that KLF5 is important for ADM formation and its 

inactivation in the context of activated KRAS reduces pancreatitis-induced ADM formation in 

vivo. 

To understand the role of KLF5 in ADM and PanIN formation after pancreatitis, I 

examined expression pattern of KLF5 by IHC staining and those of amylase and keratin-19 

(KRT19) by immunofluorescence (IF) staining in tissues from mouse treated with cerulein. 

Amylase, an enzyme produced specifically by acinar cells, and KRT19, a structure protein in 

ductal cells, can be used to identify cells undergoing ADM, which will be double-positive for both 

markers (164). Pancreata from Ptf1a-CreERTM and Ptf1a-CreERTM;LSL-KrasG12D mice at 1 hour 

time-point showed strong nuclear KLF5 expression in acinar cells compared with negative 

expression in acinar cells of PBS-treated control mice (Figure 3.6). The heterogeneity in the level 

of KLF5 upregulation by the acinar cells suggests cell-to-cell variability in the response to cerulein 

stimulation. Acinar cells in Ptf1a-CreERTM;Klf5fl/fl and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice 

at 1 hour time-point did not express KLF5, which demonstrated effective deletion of Klf5 in the 

model (Figure 3.6). At 2 day time-point, pancreata from Ptf1a-CreERTM mice contained ADM with 
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positive nuclear KLF5 staining (Figure 3.6). Acinar cells in the regions with normal morphology 

no longer express nuclear KLF5. Pancreata from Ptf1a-CreERTM;LSL-KrasG12D mice at 2 day time-

point contained more ADM with strong nuclear KLF5 staining compared to Ptf1a-CreERTM mice 

(Figure 3.6). On the other hand, Ptf1a-CreERTM;Klf5fl/fl and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl 

mice failed to develop KLF5-postive ADM (Figure 3.6). Pancreata from Ptf1a-CreERTM and Ptf1a-

CreERTM;Klf5fl/fl mice at 2 week time-point were indistinguishable on KLF5 IHC staining from 

pancreata of PBS-treated control (Figure 3.6). Pancreata from Ptf1a-CreERTM;LSL-KrasG12D mice 

at 2 week time-point contained large regions of PanINs with strong nuclear KLF5 staining (Figure 

3.6). Some isolated PanINs with nuclear KLF5 staining remains in pancreata of Ptf1a-

CreERTM;LSL-KrasG12D;Klf5fl/fl mice at 2 week time-point (Figure 3.6).  

Amylase and KRT19 staining of pancreata from mice of all genotypes at the 1 hour time-

point showed disrupted acinar morphology characteristic of acute pancreatitis (Figure 3.7). IF 

staining confirmed ADM found at 2 day time-point with amylase and KRT19 double positive 

ductal lesions (Figure 3.7), consistent with previous reports (78, 164). Pancreata of Ptf1a-

CreERTM;Klf5fl/fl and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice were mainly comprised of 

amylase-positive and KRT19-negative acini with normal morphology at 2 day time-point (Figure 

3.7). Pancreata from Ptf1a-CreERTM and Ptf1a-CreERTM;Klf5fl/fl mice at 2 week time-point were 

comprised of normal amylase positive acini and KRT19 positive ducts, while pancreata from 

Ptf1a-CreERTM;LSL-KrasG12D mice contained large numbers of KRT19 positive PanINs (Figure 

3.7). Pancreata from Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice contained reduced number of 

residual KRT19-positive PanINs compared to Ptf1a-CreERTM;LSL-KrasG12D mice (Figure 3.7). The 

results verified that Klf5 deletion reduces KrasG12D-induced PanIN formation through inhibition of 

ADM. 
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KLF4 and SOX9 are other transcription factors that have been shown to be required for 

PanIN formation (78, 96). To examine whether Klf5 deletion causes changes in the levels of KLF4 

and SOX9, I performed IF staining for the two factors on the mouse tissue at 2 week time-point. 

Both IF staining of KLF4 and SOX9 showed increased percentage of nuclei stained in Ptf1a-

CreERTM;LSL-KrasG12D mice compared with Ptf1a-CreERTM mice at 2 week time-point (n = 3), and 

those increases were reversed in Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl mice (Figure 3.8).  
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Figure 3.4. Cerulein-induce Acute Pancreatitis 
(A) Scheme showing experimental design of cerulein-induced pancreatitis in combination with 
tamoxifen-inducible KrasG12D expression and Klf5 inactivation. (B) H&E staining of pancreata 
from mice of indicated genotype and at 1 hour after last cerulein injection. Scale bar = 500 µm. 
Inset: Enlargement of area marked by asterisk. (C) Graph showing quantification of serum amylase 
measurement at 1 hour time-point from cerulein-treated animals (C) and PBS-treated controls (P). 
Data represent mean ± SD. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 by Mann-
Whitney test. 
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Figure 3.5. KrasG12D-induced PanIN Formation Following Acute Pancreatitis 
(A) H&E staining of pancreata from mice of indicated genotypes at 2 day and 2 week time-point. 
Scale bar = 500 µm. Inset: Enlargement of area marked by asterisk. Graph showing quantification 
of PanIN-like ductal lesions per pancreas from mice at 2 week time-point. (B) Alcian Blue staining 
counterstained with Nuclear Fast Red of pancreata from mice of each genotype at 2 week time-
point. Scale bar = 500 µm. Inset: Enlargement of area marked by asterisk. Graph showing 
quantification of percentage of Alcian Blue+ pancreatic area. Data represent mean. * P < 0.05 by 
Mann-Whitney test. 
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Figure 3.6. KLF5 Expression Following Acute Pancreatitis 
Immunohistochemical analysis of KLF5 in pancreata from mice of indicated genotypes and time-
points. Scale Bar = 250 µm. Inset: Enlargement of area marked by asterisk.  
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Figure 3.7. Amylase and KRT19 Expression Following Acute Pancreatitis 
Multicolor immunofluorescence (IF) analysis of Hoechst nuclear staining (blue), amylase (red), 
and KRT19 (yellow) in pancreata from mice of indicated genotypes and time-points. Scale = 100 
µm. Inset: Enlargement of area marked by asterisk. 
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Figure 3.8. KLF4 and SOX9 Expression After Acute Pancreatitis Following Klf5 Deletion  
(A) Multicolored IF staining showing Hoechst nuclear staining (blue) and KLF4 (red). Graph 
showing quantification for percent (%) of total nuclei that are KLF4 positive. (B) Multicolored IF 
staining showing Hoechst nuclear staining (blue) and SOX9 (green). Graph showing quantification 
for percent (%) of total nuclei that are SOX9 positive. Scale = 100 µm. * P < 0.05; *** P < 0.001; 
**** P < 0.0001 by Mann-Whitney test. 
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3.5 Regulation of Transcriptome Reprogramming by KLF5 

 To elucidate the transcriptional mechanism by which Klf5 deletion blocks pancreatitis-

induced ADM, I performed a complete transcriptomic profiling of RNA extracted from mice at 2-

day time-point after cerulein. Changes in gene expression were considered significant in each 

pairwise comparison if the fold-change > 2 and adjusted P < 0.05. I identified three significantly 

differentially expressed genes with concordance in both pairwise comparisons of Ptf1a-

CreERTM;Klf5fl/fl to Ptf1a-CreERTM genotypes and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl to Ptf1a-

CreERTM;LSL-KrasG12D genotypes. In addition to those 3 genes, 41 genes (e.g. Fmo2) are 

significantly differentially expressed in only one comparison (Figure 3.9A). A summary of 

differentially expressed genes from pairwise comparison can be found in Appendix A, and full 

data can be found at Gene Expression Omnibus (Accession Number: GSE104055).  The analysis 

showed that REC8 Meiotic Recombination Protein (Rec8) is downregulated, and Glyoxalase I 

(Glo1) and N-myc down-regulated gene 2 (Ndrg2) are upregulated after Klf5 deletion (Figure 

3.9B). 

Among those, NDRG2 is a tumor suppressor and has been shown to be downregulated in 

numerous cancers (165). NDRG2 inhibits STAT3 signaling (166), which is important for 

oncogenic Kras-induced pancreatic tumorigenesis including ADM (91). qRT-PCR validation of 

RNA sequencing results showed decreased Klf5 mRNA level (Figure 3.9C) and increased Ndrg2 

mRNA level (Figure 3.9D) upond comparing Ptf1a-CreERTM;Klf5fl/fl to Ptf1a-CreERTM genotypes 

and Ptf1a-CreERTM;LSL-KrasG12D;Klf5fl/fl to Ptf1a-CreERTM;LSL-KrasG12D genotypes at the 2 day 

time-point. Western blot analysis of mouse pancreatic lysate also showed an increase in NDRG2 

protein, a decrease in phosphorylated, active form of STAT3 (Y705), and no change in total 
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STAT3 (Figure 3.10). These results indicate that Klf5 deletion leads to upregulation of NDRG2 

and reduction of STAT3 activation in vivo. 

To examine whether Ndrg2 is a direct transcriptional target of KLF5, I performed a search 

for potential KLF5 binding sites in a 4.5 kb sequence upstream of the translation start site of mouse 

Ndrg2 gene using JASPAR database. The result showed 5 potential binding sites in the Ndrg2 

promoter region. I then performed Chromatin Immunoprecipitation (ChIP) assay on Klf5 shRNA 

cells with doxycycline-inducible Klf5 knockdown (see details in Methods) and scrambled shRNA 

cells as control after 5 days of doxycycline treatment using anti-KLF5 antibody followed by PCR 

using primers sets designed for each of the potential binding sites. The results showed that 

endogenous KLF5 physically interact with all 5 potential sites and binding was reduced after Klf5 

knockdown by RNA interference (Figure 3.11). 
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Figure 3.9. Transcriptomic Changes and Ndrg2 Upregulation after Klf5 Deletion 
(A) Volcano plots of RNA-seq data showing differential expression of genes in pairwise 
comparison of Ptf1a-CreERTM;Klf5fl/fl vs. Ptf1a-CreERTM mice (left) and Ptf1a-CreERTM;LSL-
KrasG12D;Klf5fl/fl vs. Ptf1a-CreERTM;LSL-KrasG12D mice (right). (B) Heatmap showing Z-score of 
normalized read counts of 19 most significant gene (P < 0.05) identified by pairwise comparison 
of Ptf1a-CreERTM;Klf5fl/fl to Ptf1a-CreERTM genotype. qRT-PCR analysis of Klf5 mRNA level (C) 
and Ndrg2 mRNA level (D) in mice at 2-day time-point and indicated genotypes (n = 5). * P < 
0.05 by two-sided, parametric t-test. 
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Figure 3.10. Inhibition of STAT3 Activation after Klf5 Deletion 
Western blot analysis of protein extracted from pancreata of mice at 2-day time-point showing 
changes in proteins levels of KLF5, NDRG2, p-STAT3(Y705), total STAT3, and ACTB (loading 
control) (n = 3). Graph of densitometry showing relative protein levels of p-STAT3 to STAT3.  * 
P < 0.05 by two-sided, parametric t-test. 
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Figure 3.11. Physical Binding of KLF5 to Ndrg2 Promoter 
 ChIP-PCR was performed on Klf5 shRNA and Scrm shRNA cells after 5 days of 50 ng/ml 
doxycycline treatment to examine whether endogenous KLF5 can bind to Ndrg2 promoter. (A) 
Predicted binding sites for KLF5 in sequence 4.5kb upstream of Ndrg2 translation start site using 
JASPAR database. (B) PCR amplification of site specific sequences in DNA product of ChIP using 
anti-KLF5 antibody. 
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3.6 Discussion 

The progression of pancreatic acinar cells to premalignant PanIN lesions with acinar-to-

ductal metaplasia (ADM) as an intermediary step is an accepted model of early pancreatic 

tumorigenesis (164, 167). I hypothesized that KLF5 is an essential factor required for early 

pancreatic tumorigenesis. Using a tamoxifen-inducible, acinar cell-specific mouse model, I 

demonstrated that Klf5 deletion in adult pancreatic acinar cells reduces spontaneous KrasG12D-

induced PanIN formation (Figure 3.3). Acinar cells with Klf5 deletion also failed to form ADM 

following cerulein-induced pancreatitis (Figure 3.5). Interestingly, KLF5, which is normally 

absent in acinar cells, was expressed in the nuclei of acinar cells during pancreatitis and was 

maintained during ADM in Ptf1a-CreERTM and Ptf1a-CreERTM;LSL-KrasG12D mice and KrasG12D-

induced PanIN formation in Ptf1a-CreERTM;LSL-KrasG12D mice  (Figure 3.6). The findings in ADM 

and PanIN formation are supported by the results of staining for amylase and KRT19, biomarkers 

for acinar and ductal phenotype, respectively (Figure 3.7). Together the data suggest that KLF5 is 

required for ADM and oncogenic KRAS-induced PanIN formation.  

Ndrg2 is a gene of interest detected by the RNA sequencing and validated by qRT-PCR 

and Western blot (Figure 3.9D & 3.10). It is upregulated in the pancreas of Klf5 deleted mice 2 

days after cerulein-induced pancreatitis (Figure 3.9). NDRG2 is a member of a family of alpha/beta 

hydrolase that do not have hydrolytic site and enzymatic activity (165). Several studies have shown 

that low levels of NDRG2 are associated with poor clinical prognosis in pancreatic cancer (168, 

169). In breast cancer cell lines, NDRG2 can functions as a tumor suppressor by inhibiting STAT3 

signaling through the upregulation of SOCS1 (166, 170). STAT3 signaling is required during ADM 

and PanIN formation (90, 91). I showed that the ratio of active, phosphorylated STAT3 (Y705) to 

total STAT3 is reduced after Klf5 deletion in vivo (Figure 3.10). The results suggest that Klf5 
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deletion inhibits STAT3 signaling, possibly through increased expression of NDRG2. NDRG2 can 

potentially inhibit ADM and PanIN formation through additional mechanisms, including the 

inhibition of NFkB activation and expression of MMP9 (165). 

I have shown that endogenous mouse KLF5 can bind to the mouse Ndrg2 promoter, 

suggesting that KLF5 can directly regulate Ndrg2 expression (Figure 3.11). One potential 

mechanism for the direct regulation of Ndrg2 expression by KLF5 is through the known interaction 

between KLF5 and Myc-Interacting Zinc Finger Protein 1 (Miz-1, ZBTB17). KLF5 associates 

with Miz-1 to repress expression of genes such as CDKN2B (171). Furthermore, Miz-1 is known 

to be essential for the c-Myc mediated repression of human NDRG2 expression, a process which 

KLF5 may also participate in (172). Alternatively, previous studies in human pancreatic cancer 

cell lines showed that histone deacetylase (HDAC) inhibitor can increase expression of NDRG2 

(169). HDAC1 is known to directly interact with KLF5 by binding to the first zinc finger in KLF5 

DNA binding domain and inhibit its activity as a transcriptional activator, but whether KLF5 is 

important for HDAC1 activity is unclear (173). Therefore, KLF5 could also be regulating NDRG2 

expression epigenetically by recruiting HDAC1 to the NDRG2 promoter. Further studies are 

needed to confirm that human KLF5 can bind to the human NDRG2 promoter and identify the 

mechanism by which KLF5 is regulating NDRG2 expression.  

 In addition to Miz-1, KLF5 potentially interact with other transcription factors such as 

KLF4 and SOX9 to promote PanIN formation. When Klf5 is deleted in the context of KrasG12D 

expression in acinar cells at 2 weeks after cerulein treatment, the protein levels of both KLF4 and 

SOX9 are also reduced (Figure 3.8). Like KLF5, KLF4, another Krüppel-like factor, is required 

for PanIN formation (96). ChIP-seq study showed that KLF4 and KLF5 share majority of their 

binding targets, which might explain their similar function during PanIN formation (144). While 
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constitutive deletion of Klf5 is embryonically lethal, deletion of Klf4 is not, which suggests that 

other KLFs, possibly KLF5, can compensate for KLF4 functions (93). This hypothesis is further 

supported by the fact that KLF4 can be substituted with KLF5 when generating induced pluripotent 

stem cells (174). Additionally, see Chapter 4 for regulation of KRT19 expression by KLF4 and 

KLF5 as an example of cooperative activation of the same target gene by two different KLFs. 

Unlike KLF5, KLF4 becomes a tumor suppressor after malignant transformation (98). This switch 

in function from pro-oncogenic to anti-oncogenic factor for KLF4 is not observed for KLF5. 

Finally, the interaction between KLF4 and KLF5 when they are bound to the same target gene is 

unknown. SOX9 is also required for PanIN formation (78). In intestine, SOX9 is a direct target of 

KLF5 and is upregulated during regenerative response following disruption of intestinal epithelial 

homeostasis after KLF5 loss (123). Physical interaction between SOX9 and KLF5 in context of 

gene regulation has not been studied. 
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Chapter 4. KLF5 and Pancreatic Cancer Cell Proliferation 
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4.1 Introduction 

 Krüppel-like Factor 5 (KLF5) is highly overexpressed in patient pancreatic tumors and 

pancreatic cancer cell lines compared to normal tissue (142). The high levels of KLF5 in cancer 

cells suggest that it may have important role in maintaining oncogenic functions in addition to its 

role in early tumorigenesis (See Chapter 3). The earliest study conducted using human pancreatic 

cancer cell lines to elucidate the role of KLF5 in pancreatic cancer cells showed that KLF5 is 

important for cancer cell proliferation and survival by inducing the expression of platelet-derived 

growth factor A (PDGFA) and Survivin, respectively (131). Furthermore, KLF5 expression in 

those cell lines was shown to be regulated by Interleukin 1β (IL-1β) and Hypoxia Inducible Factor 

1 α (HIF-1α) and not by oncogenic KRAS signaling through MAPK pathway (131). The results of 

the study suggest that there is a subset of pancreatic cancer with high levels of KLF5 but are KRAS 

wild-type. 

 More recent studies corroborated the early findings showing that KLF5 promotes 

proliferation and survival of pancreatic cancer cells. RNAi screen in human pancreatic cancer cell 
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lines using lentiviral library identified KLF5 as a pro-oncogenic factor (143). Further validation of 

this hypothesis showed pancreatic cancer cells with KLF5 knockdown by shRNA had decreased 

cell proliferation in vitro and decreased tumor growth in subcutaneous xenograft model (143). 

Study using CRISPR/Cas9 system to knockout KLF5 in human pancreatic cancer cell line also 

showed decreased cell proliferation in vitro and tumor growth in subcutaneous xenograft model 

after KLF5 knockout (144). The same study demonstrated that KLF5 is required for the recruitment 

of other transcription factors to activate genes associated with epithelial phenotype specific to low-

grade pancreatic cancer (144). 

 Many gaps in the knowledge on the roles of KLF5 in pancreatic cancer remain. The results 

from the experiments using KrasG12D mouse model suggest that KLF5 expression within the acinar 

cells can be dependent on the oncogenic KRAS signaling. To address this, I used a mouse 

pancreatic cancer cells line derived from KrasG12D-driven mouse model of PDAC to show that 

inhibiting downstream pathways of KRAS (i.e. MAPK and PI3K pathway) reduces KLF5 

expression (151). I then established a stable mouse pancreatic cancer cell line with inducible 

expression of Klf5-specific shRNA and studied the effects of KLF5 depletion in mouse pancreatic 

cancer cell line on cell proliferation, cell cycle, expression of epithelial gene, and tumor growth.  

 

4.2 Expression of KLF5 in Human PDAC 

To examine the prevalence of KLF5 expression in human PDAC tumors, my colleague 

Jong Won Yang and I performed immunohistochemical (IHC) analyses on human tissue 

microarrays (PA2081a and PA2082), which contain a combined 129 cases of PDAC with two core 

samples per case (Figure 4.1A). Cases were considered positive for KLF5 if both core samples 

contained positive KLF5 nuclear staining in more than 5% of tumor cells. 33 cases missing core 
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samples were excluded. Of the 96 remaining cases of PDAC, 73% (70/96) were positive for KLF5. 

KLF5-positive cases were found across all tumor grades and comprise 100% (8/8) of Grade 1 

tumor, 66% (36/54) of Grade 2 tumors, and 76% (26/34) of Grade 3 tumors. Analysis of The 

Cancer Genome Atlas data by the Human Protein Atlas show that survival is negatively correlated 

with KLF5 expression (Figure 4.1B) (175). In this analysis, each case was categorized as high or 

low KLF5 expression by comparing to the median KLF5 expression. This data suggests that KLF5 

has a function in cancer cells after neoplastic transformation and not just in PanIN formation. 
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Figure 4.1. KLF5 Expression in Human Pancreatic Tumors 
(A) Immunohistochemical analysis of KLF5 on human pancreatic cancer tissue microarray. Scale 
bars = 250 µm. Graph showing quantification of percent KLF5+ across tumor grades. n = number 
of cases (2 tissue core per case). (B) Kaplan-Meier curve showing survival of patient with high or 
low expression of KLF5 based on TCGA data (high and low expression separated by median). P 
= 5.47e-4. Image credit: Human Protein Atlas. (28818916) 
Survival Analysis/ KLF5/pathology/tissue/pancreatic cancer available from v18.proteinatlas.org.  
URL:  
https://www.proteinatlas.org/ENSG00000102554-KLF5/pathology/tissue/pancreatic+cancer 
 

https://www.proteinatlas.org/ENSG00000102554-KLF5/pathology/tissue/pancreatic+cancer
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4.3 Regulation of Klf5 expression by KRASG12D 

Although KLF5 overexpression correlates with KRAS mutation and MEK activity in 

human colorectal cancer (141), the earliest study of KLF5 in human pancreatic cell lines 

demonstrated that oncogenic KRAS expression and MEK signaling may not be required for KLF5 

overexpression in pancreatic cancer cells in vitro (131). To identify the signaling pathways 

downstream of KRAS responsible for regulating Klf5 expression in the mouse model, I used a 

battery of kinase inhibitors to inhibit those pathways in UN-KC-6141 mouse pancreatic cancer cell 

line, a cell line derived from KrasG12D-induced mouse model of PDAC (151), comparable to the 

mouse model I developed. I treated UN-KC-6141 cells with kinase inhibitors, LY294002, U0126, 

PD98059, SB203580, and SP600125 to target phosphatidylinositide 3-kinases (PI3Ks), mitogen-

activated protein kinase kinase 1/2 (MEK1/2), MEK1, p38 mitogen-activated protein kinases 

(p38), and c-Jun N-terminal kinases (JNKs), respectively. After 48 hours of treatment, UN-KC-

6141 cells treated with LY294002, U0126, and PD9859 had decreased protein level of KLF5, 

suggesting that PI3K and MEK signaling is involved in regulating Klf5 expression (Figure 4.2A). 

Decreased phospho-AKT level in LY294002 treated cells without decreases in total AKT level, 

phospho-ERK1/2 level, or total ERK1/2 level indicate that LY294002 specifically inhibited PI3K 

activity without affecting MEK activity (Figure 4.2A). Similarly, U0126 and PD98059 specifically 

decreased phospho-ERK1/2 level without changing the level of phospho-AKT level (Figure 4.2A). 

Densitometry shows that LY294002 and U0216 significantly decreased KLF5 protein level 

(Figure 4.2B).  

The number of UN-KC-6141 cells substantially decreased after 48-hour treatment with 

several kinase inhibitors. Quantification showed significant decreases in the cell proliferation after 

treatment with LY294002, U0126, PD9859, and SP600125 comparing to DMSO-treated control 
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cells (Figure 4.2C). The decrease in proliferation closely correlated with the decrease in KLF5 

expression (Spearman’s Rank Correlation, r=0.9429, P=0.0164). These results suggest that Klf5 

overexpression in KrasG12D-induced model of PDAC is maintained by both PI3K and MEK 

signaling, and high protein level of KLF5 promotes cancer cell proliferation (Figure 4.2D). 
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Figure 4.2. Regulation of KLF5 by MEK and PI3K Signaling  
UN-KC-6141 cells were treated for 48 hours with kinase inhibitors, LY294002, U0126, PD98059, 
SB203580, SP600125, or DMSO (Control). (A) Western blot analysis of KLF5, phospho-AKT (p-
AKT), total AKT, phospho-ERK1/2 (p-ERK1/2), ERK, and ACTB (loading control) (B) Graph 
showing densitometry analysis of Western blot results in fold change normalized to DMSO treated 
control (n = 3). (C) Cell proliferation after kinase inhibition examined by MTS assay shown as 
percentage normalized to DMSO treated control (n=4). Data represent mean ± SD for (B) and (C). 
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 by two-sided, parametric t-test. (D) 
Scheme showing targets of kinase inhibitors downstream of KRAS signaling and regulation of 
KLF5 by the signaling pathways. 
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4.4 Effect of KLF5 Depletion on Pancreatic Cancer Cell Proliferation 

Consistent with the findings using kinase inhibitors, previous reports demonstrated 

reduction in proliferation of human pancreatic cancer cell lines after KLF5 is either depleted by 

RNA interference (RNAi) using short hairpin RNA (shRNA) or deleted by targeted genomic 

editing using CRISPR/Cas9 (143, 144). To examine whether decrease of cell proliferation in UN-

KC-6141 cell line was a direct consequence of KLF5 depletion, I established stable UN-KC-6141 

cell line with tetracycline-inducible expression of shRNA targeting Klf5 (referred to from here on 

as Klf5 shRNA cells). A stable UN-KC-6141 cell line with tetracycline-inducible expression of 

scrambled shRNA was established as a negative control (referred to from here on as scrambled 

shRNA cells). Klf5 knockdown after 5 days of doxycycline treatment was verified using qRT-PCR 

and Western blot analysis (Figure 4.3A and B, respectively). Cell proliferation and MTS assays 

showed significant cell proliferation decrease after Klf5 knockdown (Figure 4.3C and D, 

respectively).  

Flow cytometric analysis of cell cycle using propidium iodide showed a significant 

decrease in the number of cells in G0/G1 phase and increase in S and G2/M phases (Figure 4.3E). 

qRT-PCR array analysis was performed on mRNA extracted from Klf5 shRNA cells and 

scrambled shRNA cells after 5 days of doxycycline treatment. Twelve genes were significantly 

upregulated after Klf5 depletion, and Ccnd2 was the only gene significantly downregulated (Figure 

4.3F; Appendix B). Among genes upregulated are positive cell cycle regulators Cdk4, Ccne1, 

Ccnb1, Cdc25a, Smc1a, and Cdk2 (Figure 4.3F). Negative regulators of cell cycle that are 

upregulated includes Sfn, Gpr132, Gadd45a, Rb1, and Pmp22 (Figure 4.3F). Western blot analysis 

showed decrease in cyclin D1 (CCND1), and increase in cyclin E (CCNE), cyclin A2 (CCNA2), 
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cyclin B1 (CCNB1), cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase 2 (CDK2), and 

stratifin (SFN) (Figure 4.3B). 

To examine whether the decrease in cellular proliferation after Klf5 knockdown is 

reversible, I examined cellular growth curve of Klf5 shRNA cells and scrambled shRNA cells 

during 6 days of doxycycline treatment and during 2 cycles of 6-day recovery (Figure 4.4). The 

results showed marked decrease in proliferation of Klf5 shRNA cells treated with doxycycline 

compared to the scrambled shRNA cells and untreated Klf5 shRNA cells. Cell proliferation was 

not restored during the first 6-day recovery cycle, but was restored during the second 6 day 

recovery cycle (Figure 4.4). These results showed that the decrease in proliferation after Klf5 

depletion is rescuable.  

To examine the effect of chronic KLF5 loss on the UN-KC-6141 cell line, I deleted Klf5 

through CRISPR/Cas9 double nickase system, which uses two different single guide RNA 

(sgRNA) that targets sequences in close proximity in the targeted gene to enhance specificity 

(176). Using this technique, I established a clone of UN-KC-6141 cell line with Klf5 knockout 

(referred to from here on as Klf5 KO) using mouse Klf5-specific sgRNAs. For control, I established 

a clone of UN-KC-6141 cell line using the same system and selection process, except replaced the 

Klf5-specific sgRNAs for nonspecific sgRNAs. Knockout of Klf5 was validated using qRT-PCR 

and Western blotting (Figure 4.5, A and B, respectively). More moderate decreases in cell 

proliferation and changes in cell cycle were also found when Klf5 is deleted from UN-KC-6141 

cell line using CRISPR/Cas9 system. The decrease in cell proliferation of Klf5 KO cells compared 

to control cells is less pronounce than the decrease in proliferation of cells after Klf5 knockdown 

(Figure 4.5C). Cell cycle analysis shows a significant decrease in proportion of cells in G0/G1 

phase and corresponding increase in S phase alone (Figure 4.5D). 
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Figure 4.3. Effects of Klf5 Knockdown on Cancer Cell Proliferation and Cell Cycle 
 (A) Results of qRT-PCR showing Klf5 mRNA levels in Klf5 shRNA and Scrm shRNA cells after 
5 days of 50 ng/ml doxycycline treatment, normalized to Scrm shRNA control. Hprt1 was used as 
housekeeping gene. (B) Western blot analysis of KLF5, CCND1, CCNE, CCNA2, CCNB1, 
CDK4, CDK2, SFN, and ACTB (loading control) in Klf5 shRNA and Scrm shRNA cells after 5 
days of doxycycline treatment. (n=3). (C) Cellular growth curve of Klf5 shRNA and Scrm shRNA 
cells treated with doxycycline (n = 3). (D) Cell proliferation measured by MTS assay at specific 
time-points (n = 4). Results normalized to Scrm shRNA cells at Day 4. (E) Cell cycle analysis of 
Klf5 shRNA and Scrm shRNA cells at day 5 (n = 3). (F) Graph representing significant gene 
expression changes detected by PCR array targeting 83 cell cycle regulatory genes. (n=3, P < 
0.05). Data represent mean ± SD for (A), (C), (D), (E), and (F). ** P < 0.01; *** P < 0.001; **** 
P < 0.0001 by two-sided, parametric t-test. 
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Figure 4.4. Recovery of Cell Proliferation after Transient Klf5 Knockdown  
Cellular growth curve of Klf5 shRNA and Scrm shRNA cells during 6-day doxycycline treatment 
(top graph), during 6 days of recovery after 6 days of doxycycline treatment (middle graph), and 
during additional 6 days of recovery (bottom graph). Data represent mean ± SD.  
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Figure 4.5. Effects of Klf5 Knockout on Cancer Cell Proliferation and Cell Cycle  
UN-KC-6141 cell line with Klf5 knockout (Klf5 KO) was established using CRISPR/Cas9 system 
with guide RNA targeting mouse Klf5.  UN-KC-6141 control cell line (Control) was established 
using CRISPR/Cas9 system with non-specific guide RNA. (A) qRT-PCR analysis for Klf5 mRNA 
level of Control and Klf5 KO cell lines (n = 3). (B) Western blot analysis for KLF5 protein in 
Control and Klf5 KO cell lines (n =3). (C) Cell proliferation of Control (white bar) and Klf5 KO 
(black bar) cells measured by MTS assay at 24, 48, and 72 hours after seeding (n = 4). (D) Cell 
cycle analysis of Control (white bar) and Klf5 KO (black bar) cells 72 hours after seeding (n = 3). 
Data represent mean ± SD for (A), (C) and (D). **P < 0.01, *** P < 0.001; **** P < 0.0001 by 
two-sided, parametric t-test. n values represent replicates of the same clone. 
 

 

 

 

 

 



 

85 
 

4.5 KLF5 as a Regulator of Ductal Phenotype in Pancreatic Cancer Cell 

 I examined the expression of CCND1, a known transcriptionally regulated gene target of 

KLF5 by IF analysis of CCND1 and KLF5 in Klf5 shRNA cells and scrambled shRNA cells after 

doxycycline treatment. The results showed a marked decrease in CCND1 in cells after Klf5 

knockdown (Figure 4.6A). Together with the Western blotting and qRT-PCR data, these results 

confirmed effective depletion of KLF5 and downregulation of a KLF5 target gene in UN-KC-6141 

cell line. Klf5 shRNA cells also displayed changes in cell morphology (Figure 4.6B). It has been 

reported that KLF5 is important for maintaining ductal epithelial phenotype of human low-grade 

PDAC cell lines (144). To examine whether cells with Klf5 knockdown also have decreased 

expression of ductal marker, I performed IF analysis for KLF5 and KRT19, which showed loss of 

KRT19 staining in cells with Klf5 knockdown (Figure 4.6C). Klf5 KO cells also has decreased 

level of CCND1 compared to the control cells, similar to the effects of Klf5 knockdown (Figure 

4.7A). However, KRT19 levels only decreased slightly in Klf5 KO cells compared to the control 

cells. 

 To test whether KRT19 is a direct target of KLF5, I performed ChIP-PCR assay to examine 

the physical interaction between endogenous mouse KLF5 and Krt19 promoter. The results show 

PCR amplification of product from ChIP using anti-KLF5 antibody in scrambled shRNA cells 

(Figure 4.8A). No amplification was observed when KLF5 is depleted in Klf5 shRNA cells. The 

data showed that KLF5 physically interact with mouse Krt19 promoter and corroborate previous 

data showing physical interaction between KLF5 and cluster of keratin genes located on human 

chromosome 17 (144). To examine the effect of KLF5 on KRT19 promoter activity, I performed 

luciferase reporter assay using pLightSwitch construct containing RenSP luciferase driven by the 

human KRT19 promoter. pLightSwitch with empty promoter was used as negative control. When 
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SP1 overexpression construct is co-expressed with pLightSwitch construct in HEK293T cells, 

KRT19 promoter activity increase by 2-fold from its basal level (Figure 4.8B). Overexpression of 

either human KLF4 or KLF5 increased KRT19 promoter activity by 4-fold from its basal level 

(Figure 4.8B). Furthermore, combined overexpression of any two factors among SP1, KLF4 and 

KLF5 increased KRT19 promoter activity by 10-13 fold from its basal level (Figure 4.8B). These 

data demonstrated that KLF5 can act cooperatively with SP1 and KLF4 to promote expression of 

KRT19. 
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Figure 4.6. Reduction of CCND1 and KRT19 Levels after Klf5 Knockdown  
(A) Multicolor IF staining of KLF5 (red) and CCND1 (green) in Klf5 shRNA and Scrm shRNA 
cells. (B)  Phase-contrast microscopy image of Klf5 shRNA and Scrm shRNA cells. (C) Multicolor 
IF staining of KLF5 (red) and KRT19 (yellow) in Klf5 shRNA and Scrm shRNA expressing cells. 
Scale Bar = 25 µm for (A) and (C); Scale Bar = 20 µm for (B). 
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Figure 4.7. Reduction of CCND1 and KRT19 Levels after Klf5 Knockout  
(A) Multicolor IF staining of KLF5 (red) and CCND1 (green) in Control and Klf5 KO cells. (B) 
Multicolor IF staining of KLF5 (red) and KRT19 (yellow) in Control and Klf5 KO cells. Scale Bar 
= 25µm for (A) and (B). 
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Figure 4.8. Regulation of KRT19 Expression by KLF5  
(A) ChIP-PCR assay showing PCR amplification of DNA product from ChIP by anti-KLF5 
antibody in Scrm shRNA and Klf5 shRNA cells. Rabbit IgG and anti-Histone 3 were used as 
negative control and positive control, respectively. (B) Luciferase promoter activity assay using 
pLightSwitch construct driven by human KRT19 promoter in HEK293T cells (n = 6). 
pLightSwitch construct without promoter were used as experimental negative control. Human SP1, 
KLF4 and KLF5 were overexpressed in combinations indicated. *P < 0.05, ** P < 0.01 by two-
sided, parametric t-test. 
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4.6 KLF5 as a Regulator of Pancreatic Cancer Tumorigenesis 

To study the effects of Klf5 depletion on KrasG12D-driven tumorigenesis, I subcutaneously 

implanted Klf5 shRNA cells and scrambled shRNA cells on two flanks of the same syngeneic 

immunocompetent mice (n = 16, 8 males and 8 females). All of the mice implanted with cancer 

cells had subcutaneous tumors on both flanks at 7 days after implantation. Tumors derived from 

Klf5 shRNA cells were smaller than the corresponding tumors derived from scrambled shRNA 

cells before the start of doxycycline treatment (71.61 mm3 ± 30.79 mm3 vs. 121.44 mm3 ± 34.90 

mm3, respectively; Mean ± SD, P < 0.0001). At 7 days after implantation, mice were given water 

containing doxycycline to induce shRNA expression. Tumor growth curve of the 7 day period 

following doxycycline administration showed that the scrambled shRNA tumors continued to 

grow while the Klf5 shRNA tumors shrunk on average of 55% by volume (Figure 4.9A). Statistical 

analysis of the tumor growth showed that the difference between Klf5 shRNA tumors and 

scrambled shRNA control tumors is highly significant (P < 0.0001). At 14 days after implantation, 

there was a substantial reduction in the volumes of Klf5 shRNA tumors compared with that of their 

paired scrambled shRNA control tumors (Figure 4.9B; 39.75 mm3 ± 15.93 mm3 vs. 143.94 mm3 ± 

46.64 mm3, respectively; Mean ± SD, P < 0.0001). Three out of 16 Klf5 shRNA tumors had 

complete regression, but none of the control tumors regressed. H&E staining of the collected 

tumors showed that scrambled shRNA tumors contained moderately to poorly differentiated 

adenocarcinoma with tubular morphology and focal necrosis, while the paired Klf5 shRNA tumors 

contained minimal amounts of poorly differentiated adenocarcinoma if any tumor tissue is present 

at all (Figure 4.9C). IHC staining for KLF5 confirmed reduced KLF5 protein levels in Klf5 shRNA 

tumors. Staining for vimentin and αSMA, two fibroblast-specific markers, showed minimal 

fibrosis in scrambled shRNA tumors and increased fibrosis in Klf5 shRNA tumors (Figure 4.9C 
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and D). IHC staining for Mac-3, a macrophage-specific marker, revealed focal infiltration of 

macrophage present in the Klf5 shRNA tumors but absent in scrambled shRNA control tumors 

(Figure 4.9C). Staining for CCND1 and KRT19 show significant decrease in CCND1 and KRT19 

protein level in Klf5 shRNA tumors (Figure 4.9D). IF staining for MKI67, a marker for cells not 

in G0 phase, show no difference in the percentage of MKI67-positive cells between Klf5 shRNA 

tumors and scrambled shRNA control tumors (Figure 4.9D).  
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Figure 4.9. Reduction in Tumor Growth after Klf5 Knockdown  
Klf5 shRNA cells were injected s.c. in C57BL/6 mouse and the Scrm shRNA cells were injected 
s.c. in the opposite flank of the same mouse. Tumors were grown for 7 days, at which point shRNA 
expression was induced. (A) Percent change in tumor volume from 7 days to 14 days after 
implantation (n = 16, P < 0.0001 by linear mixed model for longitudinal data). (B) Representative 
photograph of paired Scrm shRNA (top) and Klf5 shRNA (bottom) tumors collected at 14 days 
after implantation. Graph represent tumor volume at time of collection. (C) H&E staining, IHC 
staining for KLF5, vimentin, and Mac-3 of paired Scrm shRNA and Klf5 shRNA tumors. (D) IF 
staining of KRT19, MKI67, Cyclin D1 (CCND1), and αSMA in paired Scrm shRNA and Klf5 
shRNA tumors. Scale Bar = 100µm for (C) and (D). Data represent mean ± SD for (A) and (B). 
**** P < 0.0001 by two-sided, parametric t-test. 
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4.7 Discussion 

 The high expression level of KLF5 in human pancreatic cancer cells suggests that it 

continues to be an important factor during pancreatic cancer progression in addition to its essential 

role during early pancreatic tumorigenesis. Previous study on KLF5 level in human pancreatic 

tumors using IHC staining for KLF5 in tissue microarray (TMA) showed that KLF5 level is 

associated with low-grade PDAC and is almost completely absent in high-grade PDAC (144). 

Since low-grade pancreatic cancer correlates with better survival outcome (177), the result 

suggests that patient with KLF5 positive tumors will have better outcome. However, TCGA data 

on KLF5 expression and patient survival contradict this hypothesis and shows that higher 

expression of KLF5 correlates with worse patient survival (Figure 4.1). This inconsistency could 

be caused either by the difference in the cohorts that were used or by the lack of validation for the 

antibody used for TMA study. To address this inconsistency in the existing data, my colleague 

Jong Won Yang and I conducted an immunohistochemistry staining analysis on human tissue 

microarrays containing 96 cases of human PDAC using commercially available anti-KLF5 

antibody, and the results showed that 73% of the tumors are positive for KLF5 (70/96 cases) 

(Figure 4.1A). Furthermore, the results did not show significant correlation between tumor grade 

and KLF5 level, and 76% of high-grade PDAC tumor samples (26/34 cases) express KLF5 (Figure 

4.1A).  

MEK signaling pathway and PI3K signaling pathway are two critical pathways 

downstream of oncogenic KRAS signaling that are necessary and sufficient for ADM and PanIN 

formation (101, 102, 104). Interestingly, both pathways upregulate KLF5 in other pathological and 

physiological context (138, 157). Here, I demonstrated that pharmacological inhibition of MEK 

and PI3K kinases in UN-KC-6141 mouse pancreatic cancer cell line reduced KLF5 protein levels 
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(Figure 4.2). The data suggest that KLF5 is a common signaling target for both pathways in the 

presence of KrasG12D mutation.  

To better understand the mechanism of KLF5 in regulating proliferation and ductal 

phenotype of pancreatic cancer cells demonstrated by previous studies (143, 144), I established a 

mouse pancreatic cancer cell line with doxycycline-inducible expression of Klf5-specific shRNA 

(Figure 4.3). KLF5 depletion in UN-KC-6141 cells also resulted in decreased cancer cell 

proliferation (Figure 4.3). Cell cycle analysis showed marked accumulation of S phase cells and 

G2/M phase cells (Figure 4.3), consistent with previous report of S phase arrest in human 

colorectal cancer cell lines treated with ML264, a small molecular inhibitor of KLF5 expression 

(178). CCND1 is a known gene target of KLF5, and loss of CCND1 protein after KLF5 depletion 

is commonly associated with arrest at G1/S checkpoint (179). However, prolonged arrest of 

mammalian cells at G1/S transition can result in permanent S phase stasis (180), and this could 

explain the increase in S phase cells after Klf5 knockdown. Furthermore, western blot analysis of 

levels of different species of cyclins showed changes in cyclin levels that reflected the changes in 

distributions of cells in the cell cycle phases after Klf5 knockdown (Figure 4.3B). This result 

suggests that the changes in cyclin levels were a consequence of cell cycle changes rather than a 

cause. More detailed analysis using qPCR array for genes involved in cell cycle showed 

upregulation of several genes involved in DNA damage response (i.e. Sfn (181), Gpr132 (182), 

Gadd45a (183), and Rb1 (184)). This implicates DNA damage as the cause for the decrease in cell 

proliferation after Klf5 knockdown, and this hypothesis can be examined in future studies. 

Previous study showed that KLF5 can regulate ductal phenotype of pancreatic cancer cells 

by regulating expression of a cluster of keratin genes located on human chromosome 17 (144). 

One of those keratin genes, KRT19, codes for keratin-19, which is commonly used as a biomarker 
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for pancreatic ductal epithelial cells and is upregulated in PDAC (185). Our result corroborated 

with the previous finding by showing that KRT19 level is decreased after Klf5 knockdown (Figure 

4.6C) and that KLF5 physically interacts with Krt19 promoter (Figure 4.8A). Interestingly, KRT19 

expression is also regulated by KLF4, another Krüppel-like factor, and SP1 (97). To examine 

whether KLF5 and KLF4 have redundant function in promoting KRT19 expression, I performed 

luciferase promoter activity assay, and the results showed that KLF4 and KLF5 promotes KRT19 

expression in a cooperative manner (Figure 4.8B). The results suggest that KLF4 and KLF5 can 

compensate for each other in regulation of common gene targets, but they cannot be directly 

substituted for each other. This cooperative model of regulation of target genes by KLF4 and KLF5 

may explain their similarly roles in promoting ADM and PanIN formation and opposite roles 

during cancer progression. 

Klf5 deletion in the UN-KC-6141 by CRISPR/Cas9 method caused moderate decrease in 

cell proliferation (Figure 4.5C). Cell cycle analysis on Klf5 KO cells compared to the control cells 

showed accumulate of S phase cells (Figure 4.5D), but no significant change in the proportion of 

cells in G2/M phase. Klf5 deletion decreased the level of CCND1 (Figure 4.7A), but cells still 

retained KRT19 (Figure 4.7B).  The results show that Klf5 deletion can partially recapitulate the 

changes in proliferation and ductal phenotype after Klf5 knockdown. The differences in 

characteristics of cells after KLF5 is either depleted by RNAi or CRISPR/Cas9 could be caused 

by nonspecific off target effects of each of these techniques or intrinsic difference between Klf5 

knockdown and Klf5 knockout. Each of those differences will need to be explored in future studies.  

Engraftment of mouse pancreatic cancer cells into wild-type immunocompetent host 

further supported the in vitro finding by demonstrating that Klf5 inactivation decreases both 

cellular growth and ductal phenotype in vivo (Figure 4.9). Increased infiltration of immune cells 
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into the tumor after Klf5 inactivation suggests that tumor regression may be mediated by the 

immune system (Figure 4.9C), and the role of KLF5 in tumor immune evasion can be explored in 

future studies. Tumors with Klf5 inactivation also had increased fibrosis, possibly mediated by 

changes in the expression of connective tissue growth factors (186). 
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Chapter 5. Summary and Future Directions 

 

 

 

 Pancreatic cancer is the fourth leading cause of cancer-related death in United 

States (187). More than 90% of pancreatic cancer have ductal morphology and is classified as 

pancreatic ductal adenocarcinoma (PDAC) (188). Pancreatic intraepithelial neoplasia (PanINs) are 

the most important type of PDAC precursors. Tumorigenesis is believed to be a step-wise 

progression from low-grade PanINs to high-grade PanINs and then to invasive adenocarcinoma 

(189). Detailed genomic analysis has produced a corresponding genetic model of tumorigenic 

progression with activating mutations in Kirsten rat sarcoma viral oncogene homolog (KRAS) as 

the major initiator followed by loss of function mutations in tumor suppressors (190). Furthermore, 

oncogenic Kras expression specifically targeted to pancreatic progenitor cells is sufficient for the 

spontaneous formation of PanIN lesions in mouse models (65, 66). 

Chronic pancreatitis is a significant risk factor for developing PDAC (163). This 

relationship is recapitulated in in vivo models in which PanIN formation is accelerated when 

pancreatitis is induced (66). During pancreatitis, injury leads to partial dedifferentiation of the 

acinar cells, which acquire ductal epithelial identity. The acquired phenotype is characterized by 

upregulation of genes associated with embryonic pancreatic progenitor cells (66). This 

transformation, termed acinar-to-ductal metaplasia (ADM), precedes PanIN formation and PDAC 

tumorigenesis (66, 164). 

Krüppel-like factor 5 (KLF5) is a member of family of transcription factors. KLF5 is highly 

expressed in many types of cancer (191). Meta-analysis study of microarray data on differential 
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expression of pancreatic tumor compared to normal tissue show a differential overexpression of 

KLF5 mRNA in pancreatic cancer (142). Studies using human pancreatic cancer cell lines and 

mouse models have shown that KLF5 promotes pancreatic cancer cell survival (132, 143) and 

epithelial phenotype in low-grade PDAC (144). In addition, I have previously shown that KLF5 

expression is upregulated by MEK signaling pathway and promotes tumorigenesis in colorectal 

cancer with mutated KRAS (141). Given the importance of oncogenic KRAS signaling in 

pancreatic tumorigenesis, I hypothesized that KLF5 may be required for oncogenic KRAS-induced 

PanIN formation in vivo. I generated a mouse model with spatiotemporal control of oncogenic 

KrasG12D expression and Klf5 deletion and demonstrated that Klf5 inactivation reduces ADM and 

PanIN formation both spontaneously and after pancreatitis. Furthermore, I demonstrated additional 

role played by KLF5 in cancer cell maintenance by providing evidences showing that Klf5 

depletion in oncogenic Kras-expressing mouse pancreatic cancer cell line reduces cell proliferation 

in vitro and causes tumor regression in vivo. 

RNA sequencing of pancreas from the mouse model identified Ndrg2 as a direct target 

gene of KLF5 and a potential suppressor of pancreatitis-induced ADM. Previous studies have 

shown that STAT3 signaling activation (90, 91) is important for ADM and NDRG2 protein can 

inhibit STAT3 activation (166, 170). However, the physiological role of NDRG2 in the pancreas 

has not been studied. In adult mouse, NDRG2 protein is expressed at highly levels in the brain and 

heart and is expressed at low levels in the pancreas (192). I hypothesized that  NDRG2 inhibits 

ADM through inhibition of STAT3 activation. However, further experiment will be needed to test 

this hypothesis and show either Ndrg2 overexpression in mouse pancreas can prevent ADM or 

Ndrg2 deletion in mouse pancreas promotes ADM in vivo. Alternatively, NDRG2 protein could 

inhibit ADM through inhibition of NFkB signaling (70, 193). Furthermore, the mechanism by 
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which KLF5 protein downregulate Ndrg2 expression need to be explored. KLF5 protein could be 

recruiting Miz-1 to promote c-Myc mediated repression of Ndrg2 expression (171, 172), or it could 

be recruiting HDAC to epigenetically silence Ndrg2 expression (169, 173). Which mechanism is 

responsible for KLF5-mediated repression of Ndrg2 remains to be determined.  

In addition to Ndrg2, the RNA sequencing data also showed Rec8 to be a potential target 

gene of KLF5. REC8 is a protein responsible for the cohesion of sister chromatids during meiosis 

(194). From the RNA sequencing data, Rec8 expression is decreased with Klf5 deletion following 

acute pancreatitis. What functions a meiosis-specific protein could play in the pancreas remains a 

mystery. Several studies suggest that REC8 functions as a tumor suppressor and is epigenetically 

silencing in many types of cancers (195, 196). Potential role of REC8 as a tumor suppressor in 

pancreatic cancer is further supported by publicly available analysis of TCGA survival data on 

Human Protein Atlas, which suggests that high REC8 expression is a favorable prognostic factor 

(175). However, overexpression of REC8 during mitosis causes chromosome missegregation 

(197). The role of REC8 in pancreatic cancer has not been studied. One hypothesis to explore is 

whether overexpression of REC8 downstream of oncogenic KRAS signaling in ADM can cause 

mitotic errors leading to the polyploidization and chromothripsis events (35). If this hypothesis is 

true, then it will further cement the role of oncogenic KRAS signaling as the initiation event for 

pancreatic tumorigenesis and will provide us with better understand of the progression process 

from low grade PanINs to high grade PanINs. 

A typical feature of pancreatic cancer is the formation of a dense stroma, a process known 

as desmoplastic reaction, composed of cellular and fibrillary elements (198). One of the limitations 

of the RNA sequencing experiments I have performed is that sequencing of total RNA extracted 

from the whole pancreas do not distinguish the transcriptome of the transforming cells that give 
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rise to the PanINs and the transcriptome of the stromal cells. To overcome this limitation, single-

cell RNA sequencing can be performed on individual acinar cells sorted by the expression of a 

lineage-tracing fluorescent protein (199). This strategy will provide the cellular resolution required 

to examine the cell-type specific changes in the transcriptome and address several important 

questions: what is the fate of the acinar cells after Klf5 deletion, which transcriptional changes are 

unique to Klf5 deletion in the presence of oncogenic KRAS signaling, and why does a 

subpopulation of acinar cells undergo transformation and give rise to PanINs when all of the acinar 

cells express oncogenic form of KRAS protein. 

The relationship between KLF4, KLF5, and SOX9 in the context of ADM need to be better 

defined. All three transcription factor have been shown to promote ADM and PanIN formation in 

genetically engineered mouse models (78, 96). However, in the context of intestinal tissue, KLF5 

negatively regulates the expression of Klf4 and Sox9 (123, 200). One hypothesis on how the 

transcription factors are being co-expressed in the cells during ADM and PanIN is that the presence 

of a fourth unknown factor in pancreatic tissue might be switching KLF5 from a repressor to an 

activator of Klf4 and Sox9 (123, 200). This is supported by the data showing that Klf5 deletion 

decreased KLF4 and SOX9 protein levels even when oncogenic KrasG12D is being expressed. 

Alternatively, KLF4, KLF5 and SOX9 could be acting cooperatively in the transcriptional 

regulation of the same gene target. This is supported by the study showing that KLF4 and KLF5 

can induce KRT19 expression in a cooperative manner. 

 Previous studies showed that KLF5 depletion in human pancreatic cancer cell line reduce 

cancer cell proliferation and tumor growth (143, 144). To understand the underlying mechanisms, 

I established stable mouse pancreatic cancer cell lines with inducible Klf5 knockdown through 

RNAi or with constitutive Klf5 knockout through CRISPR/Cas9. Depletion of KLF5 protein in 
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mouse pancreatic cancer cell line showed cell cycle changes characterized by decrease in G0/G1 

phase cells and increase in S phase cells. The data suggest that in addition to its role in promoting 

ADM and PanIN during early pathogenesis, KLF5 plays a separate role in promoting cell cycle 

progression during pancreatic cancer cell proliferation. The accumulation of cells in S phase could 

be due to prolonged arrest of mammalian cells at G1/S transition leading to permanent S phase 

stasis (180). However, analysis of gene expression alterations suggests that DNA damage signaling 

is activated after KLF5 depletion. Based on these findings, one potential hypothesis is that KLF5 

depletion increases DNA damage in cancer cells leading to the activation of DNA damage response 

pathways and cell cycle arrest. To test this hypothesis, increased DNA damage in cancer cells with 

KLF5 depletion need to be validated and extended to human pancreatic cancer cell lines. 

Engraftment of mouse pancreatic cancer cell lines with KLF5 depletion into syngeneic host 

showed reduced tumor growth with increased immune cell infiltration and fibrosis. These results 

suggest that KLF5 depletion have effects on the tumor microenvironment in addition to the cell-

autonomous effect on proliferation. Further characterization of the fibroblasts and immune cells in 

the tumor will be required to understand these interactions, since fibroblasts and immune cells can 

be either positive regulators or negative regulators of tumor progression depending on their 

differentiation status (64, 201). 

 The experiments in which KLF5 protein was depleted in mouse pancreatic cancer cell line 

suggest that KLF5 is critical for maintaining cancer cell proliferation and survival. Hence, 

pancreatic cancer cells may be “addicted” to high levels of KLF5 protein. To validate this 

hypothesis, Klf5 can be deleted in pancreatic cells that have undergone spontaneous malignant 

transformation using a dual-recombinase mouse model (202). In this model, oncogenic KrasG12D 

and mutant Trp53R172H can be expressed specifically in the mouse acinar cells through the Flp-
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FRT recombination system, and expression of oncogenic KRAS and p53 protein will drive 

spontaneous oncogenesis in the pancreas of the mouse. After the mouse has developed cancer, 

Klf5 deletion can be induced upon tamoxifen injections in the cancer cells through a CreERT2-LoxP 

system. If the pancreatic cancer cells are “addicted” to KLF5, Klf5 deletion will prevent further 

progression of cancer and mouse with Klf5 deletion will have better survival compared to control 

mouse with intact Klf5. 

 Finally, the most important question to answer is: What is the importance of KLF5 in 

human disease? From mouse model, we learned that KLF5 promotes ADM and PanIN during early 

pancreatic tumorigenesis. Based on this, I hypothesize that KLF5 may also promote initiation of 

human pancreatic cancer. Genome-wide association (GWAS) studies showed that SNPs in 

intergenic region between KLF5 and KLF12 genes are strongly associated with increased risk of 

pancreatic cancer (145, 203). Recent analysis of TCGA data showed that this region is frequently 

amplified in multiple types of cancers, and functional analysis of this region showed that it 

contained super-enhancers that drive KLF5 expression (146). Molecular analysis of 3 of the 

strongest individual enhancers (designated e1, e3, and e4 in the research article) in the super-

enhancer region showed that these enhancers physically interact with KLF5 protein and deletion 

of these enhancers reduced KLF5 promoter activity (146). Using JASPAR online tool, I searched 

for potential binding site of transcription factors at each of these enhancers (204). Using threshold 

relative score of 95%, JASPAR identified several potential binding sites for AT-rich interaction 

domain 3A (ARID3A) in enhancer e1. Analysis of TCGA survival data on Human Protein Atlas 

showed that ARID3A is a significant favorable prognostic factors for pancreatic cancer (175). 

Similar methods can be applied to enhancer e3 and e4. JASPAR show e3 and e4 also contained 

ARID3A binding sites. From these data, I hypothesize that SNPs in super-enhancer region affect 
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the binding of ARID3A and the expression of KLF5 in the cells. Functional analysis could be done 

to test this hypothesis, and the role of ARID3A in human PDAC can be explored.  

Certain cancer cells, despite of plethora of genomic changes, are dependent on the function 

of a single oncogene to maintain their malignant phenotype (205). This phenomenon has become 

the basis of a concept known as “oncogene addiction” (205). The results of my experiments 

demonstrated that depleting KLF5 in mouse pancreatic cancer cells can reduce cancer cell 

proliferation and tumor growth. The results suggest that pancreatic cancer cells may be “addicted” 

to high levels of KLF5 protein. To validate this hypothesis in future experiments, Klf5 can be 

deleted in pancreatic cells that have undergone spontaneous malignant transformation using a dual-

recombinase mouse model (202). In this model, oncogenic KrasG12D and mutant Trp53R172H can 

be expressed specifically in the mouse acinar cells through the Flp-FRT recombination system to 

drive the spontaneous transformation of acinar cells to pancreatic cancer cells. After the mouse 

has developed pancreatic cancer, Klf5 deletion can be induced upon tamoxifen injections in the 

cancer cells through a CreERT2-LoxP system. If the pancreatic cancer cells are “addicted” to KLF5, 

Klf5 deletion will prevent further progression of cancer and mouse with Klf5 deletion will have 

better survival compared to control mouse with intact Klf5. KLF5 “addiction” in pancreatic cancer 

can also provide a strong rationale for development of molecular targeted therapy against KLF5. 

Previously, our lab demonstrated that ML264, a small molecular drug that inhibit KLF5 

expression, efficiently inhibits growth of the tumor in colorectal cancer xenograft model within 5 

days of treatment (150). KLF5 as a novel therapeutic target for pancreatic ductal adenocarcinoma 

should be further explored. 
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Appendix A. Differentially Expressed Genes from RNA Sequencing 

Differentially Expressed Genes in Pairwise Comparison between Ptf1a-CreERTM;Klf5fl/fl and 
Ptf1a-CreERTM at 2 days after Cerulein Treatment 

Gene Name Description log2(FC) Padj 
Slc15a2 solute carrier family 15 (H+/peptide 

transporter), member 2 
2.14 8.10E-11 

Rec8 REC8 meiotic recombination protein -1.73 7.73E-07 
1500015A07Rik RIKEN cDNA 1500015A07 gene 1.78 2.43E-06 

Gm6472 predicted pseudogene 6472 1.99 4.04E-06 
Glo1 glyoxalase 1 1.06 4.80E-06 

Gm7666 predicted pseudogene 7666 2.41 0.000403 
Gm13835 predicted gene 13835 1.77 0.003341 
Cdk5rap1 CDK5 regulatory subunit associated protein 1 1.17 0.004172 

Fmo2 flavin containing monooxygenase 2 1.18 0.008215 
5830444B04Rik RIKEN cDNA 5830444B04 gene -4.01 0.010168 

Zfp458 zinc finger protein 458 1.41 0.012686 
2610035D17Rik RIKEN cDNA 2610035D17 gene -1.77 0.020163 

Ndrg2 N-myc downstream regulated gene 2 1.05 0.021226 
Gm13453 predicted gene 13453 3.56 0.026845 
Ighv1-11 NA -4.13 0.028305 

Tmem181b-ps transmembrane protein 181B, pseudogene 0.89 0.034145 
Xlr3a X-linked lymphocyte-regulated 3A -1.74 0.038196 

Olfr1372-ps1 olfactory receptor 1372, pseudogene 1 2.13 0.044578 
Gcnt4 beta-1,6-N-acetylglucosaminyltransferase 1.84 0.045909 

 

Differentially Expressed Genes in Pairwise Comparison between Ptf1a-CreERTM;LSL-
KrasG12D;Klf5fl/fl and Ptf1a-CreERTM;LSL-KrasG12D at 2 days after Cerulein Treatment 

Gene Name Description log2(FC) Padj 
Rpgrip1 retinitis pigmentosa GTPase regulator 

interacting protein 1  
-3.168122091 1.51E-09 

Gm6472 predicted pseudogene 6472  2.322621921 5.71E-09 
Glo1 glyoxalase 1  1.199719124 4.17E-08 
Gm7666 predicted pseudogene 7666  3.187184778 4.79E-08 
1500015A07Rik RIKEN cDNA 1500015A07 gene 1.736593085 2.80E-06 
F830016B08Rik RIKEN cDNA F830016B08 gene -2.128551541 6.43E-05 
Nat8 N-acetyltransferase 8 (GCN5-related, 

putative) 
2.359732583 8.41E-05 

Ndrg2 N-myc downstream regulated gene 2  1.287186322 0.000366997 
Upp2 uridine phosphorylase 2  1.895630634 0.000400758 
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Gm26782 predicted gene, 26782  -1.552372368 0.00113584 
Try10 trypsin 10  1.198119948 0.001573129 
Rnf212 ring finger protein 212  1.540462472 0.002362912 
2610035D17Rik RIKEN cDNA 2610035D17 gene  -1.977040562 0.003149319 
Rec8 REC8 meiotic recombination protein  -1.264794607 0.004137236 
Npas2 neuronal PAS domain protein 2  -2.909073547 0.005900257 
Gm13453 predicted gene 13453  3.65963997 0.005900257 
Gm13835 predicted gene 13835 1.718109605 0.005900257 
Arntl aryl hydrocarbon receptor nuclear 

translocator-like  
-2.290323267 0.006068246 

Rprl3 ribonuclease P RNA-like 3  7.842341383 0.006068246 
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Appendix B. qPCR Array for Expression of Cell Cycle Regulator Genes 

Position Gene 
Klf5 shRNA vs. Scrm 
shRNA (fold-change) 

Standard 
Deviation P-Value 

A1 Abl1 1.74 0.12 0.002 
A2 Atm 1.31 0.19 0.721 
A3 Atr 1.48 0.22 0.932 
A4 Aurka 0.62 0.02 0.003 
A5 Aurkb 0.97 0.10 0.726 
A6 Bcl2 1.84 0.12 0.001 
A7 Birc5 1.08 0.09 0.704 
A8 Brca1 1.35 0.12 0.480 
A9 Brca2 1.16 0.20 0.804 
A10 Casp3 1.25 0.11 0.462 
A11 Ccna1 3.98 1.15 0.186 
A12 Ccna2 0.95 0.08 0.672 
B1 Ccnb1 2.44 0.16 0.002 
B2 Ccnb2 1.05 0.10 0.462 
B3 Ccnc 0.99 0.23 0.604 
B4 Ccnd1 1.09 0.12 0.864 
B5 Ccnd2 0.14 0.01 0.029 
B6 Ccnd3 1.55 0.14 0.006 
B7 Ccne1 2.22 0.16 0.000 
B8 Ccnf 1.13 0.13 0.965 
B9 Cdc20 1.27 0.06 0.062 
B10 Cdc25a 5.06 0.38 0.000 
B11 Cdc25c 1.08 0.09 0.439 
B12 Cdc6 1.08 0.04 0.286 
C1 Cdc7 1.93 0.20 0.298 
C2 Cdk1 0.92 0.06 0.433 
C3 Cdk2 5.71 0.36 0.000 
C4 Cdk4 2.18 0.16 0.006 
C5 Cdk5rap1 1.39 0.06 0.010 
C6 Cdk6 1.42 0.11 0.039 
C7 Cdkn1a 1.47 0.15 0.088 
C8 Cdkn1b 0.65 0.05 0.148 
C9 Cdkn2a Undetermined NA NA 
C10 Cdkn2b Undetermined NA NA 
C11 Cdkn3 0.64 0.08 0.018 
C12 Chek1 1.34 0.27 0.932 
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D1 Chek2 0.64 0.05 0.135 
D2 Cks1b 1.41 0.30 0.509 
D3 Ddit3 1.05 0.08 0.604 
D4 Dst 1.93 0.19 0.007 
D5 E2f1 1.94 0.39 0.069 
D6 E2f2 1.29 0.09 0.008 
D7 E2f3 1.33 0.07 0.057 
D8 E2f4 1.02 0.02 0.910 
D9 Gadd45a 3.67 0.16 0.000 
D10 Gpr132 3.43 1.49 0.048 
D11 Hus1 0.84 0.03 0.406 
D12 Itgb1 1.93 0.20 0.029 
E1 Mad2l1 0.82 0.11 0.399 
E2 Mcm2 1.02 0.05 0.880 
E3 Mcm3 1.13 0.08 0.391 
E4 Mcm4 1.48 0.10 0.020 
E5 Mdm2 1.31 0.11 0.312 
E6 Mki67 1.08 0.04 0.298 
E7 Mre11a 1.02 0.07 0.926 
E8 Msh2 0.94 0.13 0.487 
E9 Myb 1.98 0.32 0.022 
E10 Nbn 0.81 0.05 0.335 
E11 Nek2 1.22 0.07 0.018 
E12 Notch2 1.82 0.14 0.001 
F1 Pkd1 1.12 0.20 0.381 
F2 Pmp22 11.88 2.75 0.003 
F3 Ppm1d 1.21 0.16 0.335 
F4 Rad17 0.86 0.06 0.017 
F5 Rad21 1.25 0.23 0.740 
F6 Rad51 1.42 0.53 0.770 
F7 Rad9a 0.95 0.09 0.577 
F8 Ran 1.44 0.32 0.663 
F9 Rb1 4.58 0.43 0.001 
F10 Rbl1 1.15 0.06 0.749 
F11 Rbl2 1.12 0.09 0.159 
F12 Sfn 2.80 0.43 0.002 
G1 Shc1 1.00 0.14 0.895 
G2 Skp2 1.56 0.20 0.070 
G3 Slfn1 Undetermined NA NA 
G4 Smc1a 5.31 0.20 0.000 
G5 Stag1 1.02 0.13 0.969 
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G6 Stmn1 1.75 0.17 0.075 
G7 Terf1 0.88 0.13 0.463 
G8 Tfdp1 1.01 0.06 0.972 
G9 Trp53 0.77 0.02 0.032 
G10 Trp63 Undetermined NA NA 
G11 Tsg101 1.15 0.03 0.285 
G12 Wee1 1.19 0.08 0.529 
H1 Actb 0.97 0.04 0.394 
H2 B2m 2.72 0.45 0.027 
H3 Gapdh 0.76 0.08 0.230 
H4 Gusb 1.11 0.06 0.471 
H5 Hsp90ab1 1.23 0.07 0.111 

 


