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Abstract

Pancreatic adenocarcinoma (PDAC) is a lethal and painful disease, which has become one of the 

most frequent causes of death by malignant diseases around the world. Unfortunately, for the most 

part, this disease remains incurable. Significant advances in the field of genetics, particularly 

during the last two decades, has led to the proposal of a progression model, by which this cancer 

evolves by the accumulation of mutations and deletions in key oncogenes and tumor suppressor 

genes. This model has been remarkably useful for the development of tumor markers as well as 

elegant animal models. In spite of these strengths, this model does not take into consideration 

concepts and methodologies that have been derived from the field of epigenetics nor studies in the 

field of nuclear structure and function. Since our laboratory has been long been an advocate of 

these changes as critical for the pathobiology of pancreatic cancer, in this article, we describe an 

updated, more comprehensive model, which includes these concepts. With the widespread 

utilization of next generation sequencing for identifying both genetic and epigenetic changes 

genome-wide, we believe that the framework of this model will help to further identify and 

validate not only more but better markers for pancreatic cancer. In addition, as opposed to genetic 

changes, epigenetic alterations are amenable to pharmacological manipulations, consequently the 

familiarization with this model will help to better understand the potential beneficial effects of this 

type of therapy for this disease. Thus, we are optimistic that this new integrated paradigm will 

contribute to advance this field of research not only from a mechanistic point of view, but also 

from a translational one.
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PDAC remains a national health priority and significant therapeutic 

challenge

This dismal disease ranks 4th as a leading cause of cancer-related deaths in the US, with a 

median survival of 6 months and a 5-year survival of 3–5% [1]. The bleak prognosis of 

PDAC is due to an aggressive biology, its rapid dissemination, and late diagnosis, rapidly 

leading to an incurable stage, for which therapeutic intervention is a challenge. Surgical 

resection is the only curative modality; however, this only applies to 10% of the patients, 

with their 5-year survival barely 20% [2]. Notably, these aggressive neoplasms are highly 

resistant to conventional chemotherapy and radiation [3] with gemcitabine, a nucleoside 

analog, remaining the standard chemotherapy option for metastatic PDAC [4, 5]. Numerous 

trials have attempted to improve gemcitabine clinical benefit through alternative schedules 

or combination with other agents, to no avail [6–8]. Thus, there is an urgent need to develop 

novel therapies in PDAC, in particular, targeting pathways highly relevant to its 

pathobiology.

The Genetics Revolution has significantly advanced the field of pancreatic 

cancer research

Searching for genetic mechanisms, many laboratories discovered oncogenes and tumor 

suppressor genes for PDAC [9]. These discoveries led to the seminal working model from 

the John Hopkins’ group [9] that expanded our understanding of the fact that PDAC arises 

from epithelial cells through accumulation of genetic alterations, driving transitions through 

increasingly aggressive lesions known as Pancreatic Intraepithelial Neoplasias (PanINs). In 

particular, mutation of the KRAS oncogene is almost universally found in the majority of 

PDAC cases [10]. Preneoplastic diseases, like chronic pancreatitis, also harbor initiating 

KRAS mutations [11], which appear to contribute to its evolution into cancer. This work 

prompted the development of animal models and tools to study, diagnose, and treat PDAC 

[12, 13]. Thus, genetic concepts and tools have advanced the field of pancreatic diseases. 

Moreover, this work has led to characterize oncogenic signals, which, like for instance in the 

case of kinases, have allowed the development of novel therapeutics tools for this disease. 

However, in spite of these remarkable achievements, pancreatic cancer remains incurable.

The emergence of a new scientific revolution, Epigenetics, has been further 

advancing the study of Pancreatic Cancer by generating new tools for their 

management and treatment

In 1942, C. Waddington coined the term “epigenetics” to refer to inheritance that occurs 

independently of the coding capacity of DNA [14]. Epigenetic mechanisms confer 

pluripotent progenitor cells that possess identical genomic DNA, the ability to differentiate 

into distinct populations. This wide range of differentiation originates from modulating 

genome expression in manners that are inheritable during cell division. In fact, differently 

than genetics, epigenetics deals with the inheritance not of the genome but of the 

mechanisms that regulate the expression of entire gene networks at the right time, right 

level, and place to define and maintain the integrity of phenotypes. Since Waddington, we 
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have known that a cell has the potential to follow paths of distinct differentiation programs, 

similar to a ball rolling through different landscapes. Today, we understand that these 

landscapes are defined by gene expression patterns. Recent Nobel Prize-winning discoveries 

have revealed that we can induce cells to undergo incredible phenotypic changes by 

manipulating gene expression in a manner that promotes rapid transit though these 

landscapes [15]. The generation of iPS cells, which promise to be key for cell-based 

therapies, involve the manipulation of the epigenetics of the cell, for example, in a manner 

that leads a fibroblast to convert into an adult pancreatic cell. More importantly, once they 

divide, these cells will give rise to identical adult pancreatic cells. Thus, we have finally 

arrived to a fundamental stepping-stone in the field, which will lead to the potential 

manipulation of the expressed genome for therapeutic purposes in a manner that will 

revolutionize biology and medicine. However, epigenetics promises much more. For 

instance, we have learned that similar to genetic aberrations, epigenetic changes are 

inherited, giving rise to diseases [16]. In addition, environmental insults induce epigenetic 

modifications to influence health and disease [17]. Thus, through genetics, we inherit the 

potential to be who we are, but epigenetics transforms this into the reality of who we are in 

health and in disease. In contrast to genetic alterations, epigenetic mechanisms are amenable 

to reversal by small molecule drugs, giving rise to the new area of epigenetic therapeutics, 

with many agents being tested in clinical trials. Thus, epigenetics is promising to provide 

deeper mechanistic insight into diseases, as well as provide new diagnostic and therapeutic 

tools for their management.

Crosstalk between Genetics and Epigenetics as a Promising Paradigm in 

the Field of Pancreatology

Since its inception 25 years ago, our laboratory has helped to promulgate that DNA 

methylation, histone modification, nucleosome remodeling, and regulatory non-coding 

RNAs regulate most biological processes that associate to neoplastic transformation in the 

pancreas. In fact, a significant amount of evidence suggests that epigenetic deregulation is 

involved in pancreatic cancer development, spreading, and some of their signs and 

symptoms like thrombosis and cachexia. Epigenetics studies the activation and inactivation 

of gene networks independent of mutations, therefore, following, we will consider how these 

mechanisms fit within the genetic-centric paradigm. This exercise has previously led us to 

propose that a cross talk between genetics and epigenetics is critical for carcinogenesis [18]. 

In this article, we will review and update this model.

The overarching concept of cancer genetics is that if a gene is over-amplified in cancer, it 

might have been selected to provide cells with an advantage to grow and survive during 

neoplastic transformation. On the other hand, similar advantages can be gained by cells via 

the downregulation of other genes, known as tumor suppressors. Following this premise 

along with the knowledge available from sequencing, Hruban et al proposed a model in 

which PDAC arises from epithelial cells through an accumulation of genetic alterations in 

oncogenes and tumor suppressors [19, 20], which as a result promotes the development of 

precursor PanIN lesions [21, 22]. Although over time this model increasingly materializes as 

an incomplete one, it is still highly valuable since it establishes the types of mutations that 
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associate to a particular type of progressive preneoplastic lesion. For instance, the most 

universal mutation found in pancreatic cancer, oncogenic activation of KRAS is necessary 

for initiation, but must be complemented later by genetic disruption of tumor suppressor 

pathways (e.g.: p16, p53, SMAD4, etc.) to give rise to frank invasive cancer [9]. In fact, the 

validity of this model has been shown in an elegant manner using Genetically Engineered 

Models (GEM), which have been primarily supported by NIH via the “Mouse Model 

Consortium” funded by NCI [23]. However, this model does not explain epigenetic changes, 

which occur between landmark mutations and are responsible of either activating or 

repressing entire gene expression networks that drive cancer progression. Therefore, in the 

following paragraphs, we will give examples of these epigenetic mechanisms, namely DNA 

methylation, histone-based epigenetics, and non-coding RNA epigenetic molecules. Thus, in 

summary, this updated paradigm for the progression of pancreatic cancer integrates our 

concept of the “Triple Code Hypothesis” to include two additional types of processes 

besides genetics, which are epigenetic changes and alterations in nuclear architecture 

(Figure 1). Our intention in proposing this new paradigm is for investigators in this field to 

dive into pancreatic cancer with a more in-depth mechanistic approach than using only the 

tools of molecular pathology.

Mechanistic Basis of Epigenetics: The Nucleosome

Chromatin, which is composed of genomic DNA, histones, non-histone regulatory proteins 

and both small and long non-coding RNAs are at the mechanistic core of epigenetics [20]. 

These molecules are packed inside cells in the unit of the nucleosome, which can be viewed 

as the key nanomachine that senses both environmental and cell-autonomous signals to 

convert them into a gene regulatory response that ultimately defines distinct phenotypes. In 

fact, it is at the level of the nucleosome that the processes of “environment-gene 

interactions” that have been robustly documented by genetic epidemiologists take place 

[24]. The nucleosome is composed of approximately 150 bp of nuclear DNA wrapped 

around a histone octamer built from two molecules of each core histone protein: H2A, H2B, 

H3, and H4 [20]. In addition, a linker histone, known as H1, attaches to the external face of 

the DNA-histone octamer complex to facilitate further compaction, a process that has vital 

biological importance. The N-terminal domain of histones, commonly referred to as “histone 

tails”, extend out from the nucleosome particle, and thereby become easily accessible to 

epigenetic regulator complexes and serve as the platform on which epigenetic signals are 

written, read, and erased to codify for the expression of distinct gene expression networks. 

The body of each core histone, which locates inside of the DNA, is thus less accessible, but 

under certain circumstances becomes exposed to receive fewer, yet similarly critical, 

signals. A plethora of studies, originally pioneered independently by C.D. Allis [25] and 

B.M. Turner [26] revealed that these epigenetic signals, known as “histone marks” are made 

by covalent chemical modifications. Today, we know that histones receive a large amount of 

marks, including acetylation of lysines, methylation of lysines and arginines, 

phosphorylation of serines and threonines, ADP-ribosylation of glutamic acids, and 

ubiquitination and sumolyation of lysine residues, among others. More importantly, we have 

learned that it is the type and combination of these marks that serves as the instruction for 

cells to regulate gene expression in an inheritable manner. This concept is fundamental since 
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it points to the existence of an epigenetic code (histone code) that is used to read the 

instruction provided by ancestors and cell progenitors to subsequent generations in the form 

of the genetic code. In fact, aberrant patterns of histone marks are increasingly being 

associated to clinical phenotype and/or outcome in various cancers [27–29]. In pancreatic 

cancer, low cellular levels of distinct marks on histone H3, such as dimethyl lysine 4 

(H3K4me2), dimethyl lysine 9, or acetyl lysine 18 (H3K18ac), were found to be significant 

and independent predictors of poor survival, with the most significant predictor of overall 

survival resulting from combined low levels of H3K4me2 and/or H3K18ac [30]. Histone 

marks alone, however, are not sufficient for the associated regulatory mechanism. To better 

understand epigenetics, we have to consider the molecular machinery involved in the 

deposition, reading, and erasing necessary to give these instructions. Consequently, we 

subsequently provide insight into these phenomena, which are critical for cells to gain and 

maintain their normal phenotype.

Sequence Specific Transcription Factors Functions as Adaptor Proteins to 

link DNA to Epigenetic Regulators

The first types of molecules above the layer of nucleosomes that we have to consider in 

epigenetics are called sequence specific transcription factors. These proteins are most often 

modular molecules, which contain specialized domains that mediate their nuclear 

localization, binding to specific regions of DNA, and coupling to epigenetic regulators [31]. 

In fact, as reviewed below, most epigenetic regulators are armed with a specialized 

enzymatic activity that allows them to deposit, read, or erase posttranslational modifications 

in DNA and associated proteins. These marks function, therefore, as the signaling cascades 

of epigenetics and are interpreted as instructions for turning on and off extensive networks 

of genes. For the purpose of this article, we will focus on a selective group of transcription 

factor proteins that assist the RNA polymerase type II, the enzyme that copies most protein 

coding genes as well as many, though not all, non-coding RNAs. An example of this type of 

transcription factor is the tumor suppressor p53, which contains a DNA binding domain to 

recognize specific DNA sequences in promoters and other important regulatory regions, 

including enhancers of target genes (e.g. p21) [32]. The most frequent hotspot for mutation 

of this protein in cancer, including 50–75% of pancreatic cancers [33], is within this DNA 

binding domain [34]. In addition, this protein also contains a cluster of basic amino acids 

that function as a nuclear localization signal and a transcriptional regulatory domain that 

binds to epigenetic regulators, which in turn will mark either the regulatory DNA domains 

or proteins associated with them. Depending of the chemical nature of these marks, they 

serve as the initial epigenetic signal to dictate whether the target gene will be either 

expressed or silenced. Thus, it becomes important to subsequently describe how DNA is 

stored within the cell nucleus and is eventually sequestered away or accessed by 

transcription factors, marked, and regulated.
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Nucleosome Remodeling Machines and Histone Modifying Enzymes Work 

in Concert to Regulate Histone Marks

As mentioned above, genomic DNA is highly packed into chromatin within the nucleus of 

eukaryote cells. It is believed that this sequestration of the genome by a cover of proteins 

and RNA help to protect it from both chemical and physical insults, as well as maintain 

many genes in an state of dormancy until necessary for access by the mRNA synthesis 

machinery to convert them into messages, which are then translated into proteins that help to 

define phenotypes. However, these associated proteins and RNA have the ability to regulate 

the genome by directing the expression of genes at the right level, right time, and right place 

to give rise to particular structures and functions. Among the genome-associated molecular 

machines that turn on and off genes (epigenetic regulatory complexes), we find two major 

groups, namely nucleosome remodeling machines and histone modifying enzymes. 

Nucleosome remodeling machines are multisubunit protein complexes that use energy from 

ATP to move nucleosomes along the DNA template, thereby exposing or sequestering 

binding sites that function to specifically recruit other complexes (e.g. histone modifying 

enzymes) to specific regions of the genome. There are four families of nucleosome 

remodeling machines, which are classically identified by the type of ATPase subunits [35]. 

These complexes, which include members of the SWI/SNF (switching defective/sucrose 

non-fermenting), ISWI (imitation SWI), INO80 (inositol requiring 80), and NuRD 

(nucleosome remodeling and deacetylation)/Mi-2/CHD (chromodomain, helicase, DNA 

binding) families, have different subunits of various type and sizes. It has been long known 

that nucleosome remodeling machines are mutated in many cancers. Due to the nature of 

these complexes consisting of numerous subunits to perform a single net function, the sum 

of mutations in individual subunits must be considered to evaluate the prevalence in cancer 

similar to a single gene, such as TP53. For example, the average incidence of SWI/SNF 

mutations across all cancer types is nearly 20%, with a frequency of 26% in pancreatic 

cancer [36].

Histone modifying enzymes are currently considered among the most critical part of the 

epigenome, besides non-coding RNAs. However, in contrast to non-coding RNAs, today, 

we know more about the structures, functions, pathobiological roles, and pharmacological 

manipulation of the histone modifying enzymes. Collectively, they possess enzymatic 

activities that allow them to deposit epigenomic marks (mark writers) and reverse these 

reactions when needed (mark erasers), as well as interpret these marks in context (mark 

readers). Among these proteins, histone methylases, acetylases, and ubiquitin ligases are 

among the best known and studied histone mark writers. The reactions catalyzed by these 

enzymes are then reversed by histone code erasers, including deacetylases, demethylases, 

and deubiquinases. Several histone modifying enzymes are dysregulated in pancreatic 

cancer. For instance, in recent study by Mazur, et al., SMYD3, MLL5, EZH2, SETD5 and 

WHSC1L1 were found to be consistently upregulated in pancreatic cancer samples in a 

screen of 54 known and candidate human lysine methyltransferases, which are histone code 

writers [37]. Several studies had previously found EZH2 overexpression in pancreatic 

cancer [38–40]. Interestingly, the oncogenic mutant KRAS signal was found to increase the 

expression of EZH2 [41]. Furthermore, EZH2 suppresses the p16INK4 tumor suppressor 
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gene, which is critical during injury-induced regeneration during pancreatitis and therefore, 

contributes to the progression to pancreatic cancer [42]. In addition, EZH2 has been 

characterized to directly affect the maintenance of the pancreatic cancer stem cell 

phenotype, which is also associated with its H3K27me3 catalytic activity [43]. 

Overexpression of some histone code erasers, such as the histone demethylases KDM2B 

[44] and LSD1 [45], enhance pancreatic cancer growth, while loss of the KDM6B histone 

demethylase associates with PDAC aggressiveness [46]. Probably the first class of histone 

modifying enzymes identified to be dysregulated in PDAC was the histone deacetylases 

(HDACs). For instance, Class I HDACs were strongly expressed in a subset of PDACs from 

a larger cohort of 82 samples. Strong nuclear immunoreactivity for HDAC1, 2 and 3 was 

observed for 32%, 63% and 79% of PDAC cases, respectively [47]. In another expression 

profile of class I HDACs, HDAC1, HDAC2, HDAC3 and HDAC8 were positive in 17 

(85%), 18 (90%), 20 (100%) and 18 (90%) of 20 pancreatic cancer cases, respectively, as 

observed by immunohistochemistry [48]. Further studies in PDAC have linked elevated 

HDAC1 and HDAC2 levels with poor tumor differentiation and overall survival [49–51]. 

Ouaïssi, et al. reported that approximately 80% of examined PDAC samples had a 

significant increase of HDAC7 at the RNA and protein levels [52]. Notably, HDAC7 levels 

were reduced in chronic pancreatitis, serous cystadenoma, and intraductal papillary 

mucinous tumor of the pancreas (IMPN) samples, suggesting that HDAC7 overexpression 

can discriminate pancreatic adenocarcinoma from other pancreatic diseases. Therefore, we 

urge the reader to carefully study the histone marks and the type of instructions that each 

provides as well as the associated histone modifying enzymes, which are responsible of their 

regulation [53–56]. This suggestion is of particular importance since a large amount of 

drugs, which are used to manipulate these pathways, are being developed and tested at an 

unprecedented rate [57–59]. Many other compounds such as neuroepileptics and other 

psychotropic drugs, which have been used for several decades, have potent epigenetic 

effects, which further support the need for readers to get familiarized with this important 

family of epigenetic regulators. Similarly, as discussed below, there are writers, readers and 

erasers of marks on DNA in addition to histones, which contribute to the instructions 

dictated to entire gene expression networks. Thus, in summary, the final outcome of these 

cascades are codified by the type and combination of marks controlled in context by writers, 

readers, and erasers enzymes in response to either cell-autonomous clues or environmental 

signals.

Marking the Genome by Methylation

The methylation of DNA was the first epigenetic modification to be discovered. Indeed, for 

decades, the methylation of CpG dinucleotides has been known to play a key role in X-

chromosome inactivation, silencing of transposable DNA elements, and imprinting [60]. 

Methylation occurs in both, promoters and along gene bodies [61], although the functional 

role of the latter remains poorly understood. Today, there are several types DNA 

methylation marks known to exist, including the best known that occurs by the covalent 

addition of a methyl (CH3) group at the 5-carbon of the cytosine ring resulting in 5-

methylcytosine (5mC), as well as its oxidized forms, 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine and 5-carboxylcytosine [62]. Sterically, when present in promoters and 
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similar regulatory elements, the 5mC mark protrudes into the major groove of DNA, which 

is the main region recognized by the molecular machinery that regulates gene expression, 

and thereby inhibits transcription. For instance, methylation of the E-box (CACGTG) 

prevents n-Myc from binding to the EGFR promoter [63]. In addition, a significant amount 

of information exists on the type of writers, readers, and erasers of these marks [62, 64, 65]. 

Methylated CpG islands form a docking site for a family of methyl binding proteins (MBP), 

which read these marks to interfere with RNA synthesis to result in gene silencing. In the 

gene body, however, DNA methylation correlates with active transcription, splicing, and 

elongation [66], though the detailed molecular mechanisms for this phenomenon are 

undefined. Similarly important, in contrast to the widely assumed notion that DNA 

methylation is a stable epigenetic mark, active methylation-demethylation cycles also occur. 

In fact, dynamic regulation of DNA methylation is mainly achieved through a cyclical 

enzymatic cascade comprised of cytosine methylation by a group of writer enzymes called 

DNMTs, demethylation by Ten eleven translocation (Tet) dioxygenases (TET1, TET2, and 

TET3), which act as erasers of these marks, and reconstitution of unmethylated cytosines by 

replication-dependent dilution and base excision during DNA repair. DNMT1 functions as a 

maintenance methyltransferase responsible for faithfully reproducing the level and pattern of 

methylation during somatic cell division [64]. DNMT3a and DNMT3b are involved in 

adding de novo methyl groups to DNA, in particular during development [64]. The 

methyltransferase 3-like protein (DNMT3L) does not have enzymatic activity, but works as 

a necessary partner for the others DNMTs to perform their function. Interestingly, while 

Dnmt1 has up to a 50-fold preference for hemimethylated CpG sites present at the 

replication fork, it also appears to promote de novo methylation at non-CpG cytosines [64]. 

For performing the methylation reaction, all these enzymes utilize a derivative of the amino 

acid methionine, namely S-Adenosylmethionine (SAM), as a methyl donor. The product of 

this reaction gives S-adenosylhomocysteine (SAH), which later becomes homocysteine to be 

catabolized or remethylated to methionine. Notably, therefore, because of the use of these 

cofactors, epigenetically driven methylation reactions are influenced by metabolism and 

nutritional intake [67]. Thus, besides signaling cascades, these two processes can influence 

DNA methylation and impact gene expression.

The effects of DNA methylation on pancreatic cancer have been extensively studied, both in 

experimental models and in human tissues. The results of these studies have revealed an 

increase in promoter-associated CpG island methylation, which often results in the silencing 

of tumor suppressor genes [20, 64, 68]. This phenomenon has led to the development and 

utilization of several drugs which function as DNMT inhibitors and, which partially due to 

their effects on reactivating tumor suppressor genes, can slow down the progression of 

pancreatic cancer in both mice and humans [69, 70]. However, promoter hypermethylation 

is accompanied by the concomitant hypomethylation of repetitive sequences corresponding 

to dormant retrotransposons, which can become activated. Hypomethylation of these 

sequences also becomes more pronounced upon treatment with demethylating drugs [71], 

though the effect of these processes on the pathobiology of cancer is not completely clear. 

Interestingly, levels of 5hmC have been found reduced in pancreatic cancer and other cancer 

types along with a concomitant reduction in the expression of all three TET genes [72]. 

Besides its mechanistic importance and its relevance for cancer treatment, DNA methylation 

Lomberk and Urrutia Page 8

Surg Clin North Am. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has been studied as a marker for the early detection of cancer. Cancer-specific DNA 

methylation patterns can be measured in DNA from detached tumor cells that are released to 

the blood, in pancreatic juice, or feces [73–76]. Unfortunately, in spite of its promise, there 

is not yet a clinically applicable assay for this purpose.

Epigenetic Regulation by non-coding RNAs

Recent advances in sequencing technologies have revealed that the genome is extensively 

transcribed, yielding a large repertoire of noncoding RNAs. These include long RNAs 

(lncRNAs), and many small noncoding RNAs such as miRNAs (microRNAs), siRNAs 

(small interfering RNAs), and piRNAs (Piwi-interacting RNAs). These mRNA-like 

molecules do not code for proteins but rather play key regulatory roles in a variety of 

cellular processes by modulating the levels and translation of other RNAs, including those 

coding for proteins [77]. Thus, it becomes important to briefly describe the biochemical 

constitution and function of these molecules. The most popular among these molecules, 

miRNAs are small single-stranded molecules (20 – 25 nt) that arise from pre-miRNA, which 

are characterized by the presence of a hairpin structure [78, 79]. This hairpin is processed to 

give rise to a mature miRNA, which is used to assemble an RNA induced silencing complex 

(RISC), containing key regulatory proteins such as Dicer. Once released, the miRNA 

hybridizes in a complementary manner to target mRNAs via their 3’UTR to subsequently 

induce cleavage by Argonaute, the catalytic component of RISC, and cause its silencing. 

Distinct from miRNAs in size, lack of sequence conservation, and increased complexity, 

small 24 – 30 nt long piRNAs interact in an RNA-protein complex with Piwi proteins, thus 

imparting their name [79]. These small RNAs are characterized by the presence of a uridine 

base at the 5’end and a 2’-O-methyl modification at the 3’ end. Piwi proteins are a subclass 

of Argonaute protein family and are key to the biogenesis of these molecules [80]. The 

function of these molecules has been ascribed to epigenetic and post-transcriptional 

silencing of transposable elements during germ line development [81]. Perhaps one of the 

most rapidly advancing fields within RNA research is the study of lncRNAs. These non-

protein coding transcripts are longer than 200 nt in length which, like protein coding RNAs, 

undergo splicing and polyadenylation [82]. A subgroup of lncRNAs, named large intergenic 

non-coding RNAs (lincRNAs), have long been known by their role in epigenetic gene 

silencing, such Xist (X-inactive specific transcript). However, differently than miRNAs, 

lncRNAs appear to regulate gene expression and translation in various ways without a 

common mode of action. Thus far, lncRNA function has been categorized into four types of 

molecular mechanisms: signal, decoy, guide and scaffold [82]. The lncRNAs assigned to the 

signal type function as molecular signals of transcriptional activity. For the decoy type, the 

lncRNAs bind to and titrate away other regulatory RNAs or proteins. As a guide, the 

lncRNAs serve to localize ribonucleoprotein complexes to specific targets, while the 

scaffold lncRNAs provide a structural platform for the assembly of relevant proteins and/or 

RNA components. Finally, enhancer RNAs (eRNAs) and Promoter-associated RNAs 

(PARs) are the most recent types of non-coding RNA to be described [83]. In fact, the role 

of these molecules in epigenetics is just beginning to be uncovered. Enhancer RNAs are 800 

nt in length on average, which up to now have been shown to be only transcriptional 

activators. Promoter-associated RNAs are non-coding transcripts that range from 16 nt to 
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200 nt, and they are expressed near the vicinity of promoters. Most of these molecules 

appear to associate with highly expressed genes and have short half-lives. Though 

investigations on the functional significance of these molecules have just started, thus far, 

they are believed to mediate transcriptional activation and repression.

As a result of numerous studies, PDAC cell lines, tissues, and blood samples have been 

extensively profiled for miRNA expression levels and compared to both normal and chronic 

pancreatitis samples in order to determine a miRNA expression signature that is associated 

with PDAC. Recently, however, Ma, et al. performed a comprehensive meta-review of 

published studies in PDAC to evaluate a total of 538 tumor and 206 noncancerous control 

samples [84]. This analysis revealed a meta-signature of seven up- and three down-regulated 

miRNAs, namely miR-155, miR-100, miR-21, miR-221, miR- 31, miR-143, and miR-23a 

with increased expression and miR-217, miR-148a and miR- 375 with decreased expression. 

In addition, alterations in miRNA levels are able to modulate chemosensitivity or 

radiosensitivity of PDAC cells in a variety of settings, with certain miRNAs serving as 

indicators of chemotherapy efficacy[85]. Therefore, miRNAs continue to be an active area 

of investigation for diagnostic biomarkers and therapeutic targets in PDAC. During the past 

2–3 years, a few studies in pancreatic cancer on lncRNAs have emerged. For instance, 

expression of HOTAIR, a lincRNA that associates with Polycomb Repressive Complex 2 

(PRC2) and its overexpression correlates with poor survival in several cancers, was found 

increased in pancreatic tumors, in particular more aggressive tumors, compared with control 

tissue [86]. Furthermore, knockdown of HOTAIR in PDAC cell lines resulted in decreased 

cell proliferation, altered cell cycle progression, induced apoptosis, reduced cell invasion 

and inhibited tumor growth in xenografts. Similarly, overexpression of the lncRNAs 

MALAT1, HULC and PVT1 have been associated with poor outcome in PDAC patients 

[87–89], while in another study that evaluated lncRNAs by microarray found that patients 

with high expression levels of the lncRNA BC008363 had significantly improved survival 

rates than those with lower levels [90]. Another lncRNA frequently downregulated in 

PDAC, ENST00000480739, was found to suppress tumor invasion and metastasis through 

regulation of HIF-1α upon re-expression [91], suggesting that lncRNAs may serve as a 

focus of future therapies.

Shaping Gene Expression through Nuclear Architecture

One of the most universal hallmarks of cancer cells is visible morphological alteration of the 

nuclei detectable by light microscopy on routine staining, and in fact, is often utilized by 

pathologists to grade and specify cancer type and stage, such as the transition of PanIN 1B 

to PanIN 2 [92]. Changes in nuclear structure include increased size, distortions in shape, 

and alterations in the internal organization of the nucleus [93, 94]. The spatial arrangement 

of chromosomes and other nuclear components, which defines the nuclear architecture, 

imparts a scaffold to organize the regulation of distinct functional processes. Any observed 

alterations in nuclear architecture may result from changes in the nuclear matrix, higher 

order chromatin folding, and/or the spatial arrangement of nucleic acid metabolism. 

Therefore, these changes, as seen in cancer, have the potential to impact on the fidelity of 

genome replication, chromatin organization, as well as gene expression. Studies have 

indicated that nuclear morphometry may serve as a prognostic indicator in non-resectable 
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pancreatic cancer [95], as well as provide important pre-operative information in assessing 

pancreas resectability [96]. Another report demonstrated that there is significant deformation 

of the chromosome 8 territory in a small cohort of PDAC samples compared to 

histologically normal ductal epithelium [97]. However, the detailed evaluation of common 

alterations in nuclear architecture in PDAC along with the mechanistic links and its specific 

impact on nuclear functions remains in its infancy. Nevertheless, it is our opinion that this 

field is perhaps the most promising for future advances in epigenetics and pancreatic cancer, 

and therefore, it is important to underscore its importance in the current article in an attempt 

to stimulate future research.

Epigenetics Opens a New Era for Pancreatic Cancer Markers and Novel 

Therapeutic Modalities

Working primarily with pancreatic cells, our laboratory has contributed to the better 

understanding of some key aspects of the current paradigm for epigenetics. Working with 

transcription factors, for instance, we cloned and characterized several members of the KLF 

family of epigenetic regulators from the human pancreas. We subsequently have found that 

these proteins work at the intersection of metabolism and cancer. More importantly, thus far, 

the work performed on these proteins has provided a comprehensive model of epigenetic 

pathways in the human pancreas leading to the characterization of several histone acetylases, 

deacetylases, methylases, and reader proteins, among others. For this purpose, we will 

underscore the importance of KLF11 and KLF14. Although we identified these proteins in 

the context of their ability to suppress pancreatic cancer cell growth [98–100], it was later 

discovered through our work and others that these sequence-specific transcription factors 

function primarily through the regulation of metabolic gene networks [101–104]. This is 

important due to the key relationship between metabolism and cancer found uniquely in 

pancreatic cancer (the Diabetes-PaCa connection). Interestingly, the tumor suppression 

function of KLF11 is inactivated in PDAC by methylation-mediated gene silencing [105]. 

On the other hand, mutations in the protein impair certain distinct functions of KLF11 to 

give rise to Juvenile Diabetes (MODY VII) [106]. More importantly, alterations in a KLF11 

binding site within the insulin promoter are responsible of neonatal diabetes [107]. A highly 

related member of the family, KLF14, is associated with obesity and diabetes, as well as 

basal cell carcinoma [104, 108]. Studies on these proteins led us to define that they function 

as a link between the DNA sequence they recognize and histone modifying enzymes. They 

are modular proteins, which contain small domains that serve as docking platforms for the 

Sin3-HDAC complex, HATs, WW- and WD40 domain proteins, histone methyltransferases 

and chromodomain reader molecules [103, 107, 109–112]. In addition, these proteins also 

heterodimerize with NFκB and PPARγ, which bring additional complexes along for 

regulatory purposes [102, 113, 114]. For instance, by coupling to the HP1-SUV39H1 as well 

as to the Sin3-HDAC pathway, these proteins are able to mark the promoters of metabolic 

gene networks to affect cell survival and growth [101]. In this regard, it is important to take 

into consideration that oncogenic activation, for instance of KRAS, in the pancreas leads to 

distinct metabolic changes [115]. KLF proteins are necessary for antagonizing KRAS [98]. 

Thus, it is likely that these proteins act early during the PDAC initiation process to change 

metabolic profiles of transforming cells. Noteworthy, however, we have also devoted 
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significant efforts to directly characterize some of the histone code readers, writers, and 

erasers whether in the context of functioning with or without recruitment by a specific 

transcription factor. In 2001, we described a widely known domain for the recruitment of 

histone deacetylases [112]. This mechanism, which we discovered in the exocrine pancreas, 

is also used by many tumor suppressor genes, including Mad1, an antagonist of the Myc 

oncogene [116]. Subsequently, we characterized how histone code readers work to mediate 

growth stimuli downstream of growth factor receptor pathways [117]. Next, we isolated new 

Polycomb-type writer complexes from the pancreas and defined their growth-promoting role 

in pancreatic cells [118]. Together, we know that these molecular cascades are essential to 

define the cancer phenotype, thereby becoming attractive targets for developmental 

therapeutics.

Conclusion

The current article seeks to promote a change in the conceptual bias, which currently affects 

the pancreatic cancer field. In this regard, for instance, many researchers and practitioners 

still see pancreatic cancer exclusively as a disease of epithelial exocrine cells, which become 

transformed by the accumulation of genetic alterations. We have combined this view with 

solid observations from our laboratory and others, which reveal that genetic alterations 

crosstalk with epigenetic and nuclear structure changes to give rise to not only neoplastic 

transformation, but also to determine most features of the cancer phenotype and its 

symptoms (Figure 1). This new framework has significant mechanistic value as we seek to 

comprehend how this disease originates and evolves. This updated paradigm for the 

progression of pancreatic cancer integrates the concept that the patterns of gene expression 

networks to define the pancreatic cancer phenotype are dictated by the combination of 

genetic, epigenetic and nuclear structure instructions according to our “Triple Code 

Hypothesis”, which considers that all three of these codes contribute to the development and 

progression of this disease (Figure 2). More importantly, however, we know that many 

epigenetic alterations are significantly ameliorated by a new type of therapeutics, which 

target the epigenome. In fact, promising epigenetics-based therapies are currently being 

evaluated through different types of trials. Thus, the concepts discussed here should fuel a 

new era of studies, which promise to provide the medical community with new tools to 

diagnose and treat this dismal disease.
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KEY POINTS

- Many researchers and practitioners still see pancreatic cancer exclusively as a 

disease of epithelial exocrine cells, which become transformed by the 

accumulation of genetic alterations.

- Genetic alterations crosstalk with epigenetic and nuclear structure changes to 

give rise to not only neoplastic transformation, but also to determine most 

features of the cancer phenotype and its symptoms

- This updated paradigm for the progression of pancreatic cancer integrates the 

concept that the patterns of gene expression networks to define the pancreatic 

cancer phenotype are dictated by the combination of genetic, epigenetic and 

nuclear structure instructions according to the “Triple Code Hypothesis”, 

which considers that all three of these codes contribute to the development 

and progression of this disease.

- Many epigenetic alterations are significantly ameliorated by a new type of 

therapeutics, which target the epigenome; promising epigenetics-based 

therapies are currently being evaluated through different types of trials.
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Figure 1. Crosstalk between Genetics, Epigenetics, and Nuclear Structure in a Revised 
Comprehensive Progression Model for Pancreatic Cancer
Our model for the progression of pancreatic cancer incorporates the genetic events described 

in the previous model as well as epigenetic changes and other alterations caused by changes 

in nuclear shape. Importantly, this model integrates the concept that these alterations do not 

occur in isolation, rather genetic alterations crosstalk with epigenetic and nuclear structure 

changes to give rise to neoplastic transformation, as well as most features of the cancer 

phenotype and its symptoms.

Lomberk and Urrutia Page 21

Surg Clin North Am. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Integration of Instructions from Genetics, Epigenetics and Nuclear Architecture into 
the “Triple Code Hypothesis”
Our comprehensive model for the development and progression of PDAC is based upon our 

understanding that gene expression networks are regulated by the combination of 

instructions dictated by genetics, epigenetics and nuclear architecture, which we have coined 

the “Triple Code Hypothesis”. Alterations in the Genetic Code form the foundation of the 

well-known DNA-centric hypothesis for the establishment and maintenance of the cancer 

phenotype, which includes mutations and deletions. The Epigenetic Code takes into account 

changes in DNA methylation, non-coding RNA molecules, and chromatin via histone 

modifications and the writers, readers, and erasers of the Histone Code. Finally, the Nuclear 
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Structure Code, which includes the nuclear matrix and higher-order chromatin organization, 

impacts the fidelity of genome replication, chromatin organization, as well as gene 

expression.
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