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Abstract
Pancreatic adenocarcinoma is one of the most lethal cancers with rising incidence. Despite progress in its treatment, with the introduction of more effective chemotherapy regimens in the last decade, prognosis of metastatic disease remains inferior to other cancers with long term survival being the exception. Molecular characterization of pancreatic cancer has elucidated the landscape of the disease and has revealed common lesions that contribute to pancreatic carcinogenesis. Regulation of proteostasis is critical in cancers due to increased protein turnover required to support the intense metabolism of cancer cells. The proteasome is an integral part of this regulation and is regulated, in its turn, by key transcription factors, which induce transcription of proteasome structural units. These include FOXO family transcription factors, NFE2L2, hHSF1 and hHSF2, and NF-Y. Networks that encompass proteasome regulators and transduction pathways dysregulated in pancreatic cancer such as the KRAS/BRAF/MAPK and the Transforming growth factor beta/SMAD pathway contribute to pancreatic cancer progression. This review discusses the proteasome and its transcription factors within the pancreatic cancer cellular micro-environment. We also consider the role of stemness in carcinogenesis and the use of proteasome inhibitors as therapeutic agents.
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Core Tip: Pancreatic adenocarcinoma is a gastrointestinal cancer with high incidence and bleak outcomes. The molecular pathways involved in the pathogenesis of the disease have been increasingly clarified in recent years. This article reviews the role of proteostasis regulation through the proteasome in pancreatic cancer. Major molecular pathways affected in pancreatic cancer closely interconnect with regulators of the proteasome.


INTRODUCTION
Pancreatic cancer (PC) is a prevalent digestive system malignancy with a 5-year survival rate of less than 5%, a median survival period of 6 mo and, in 2019, accounted for 45750 deaths in the United States alone[1]. Despite representing the thirteenth most prevalent cancer, accounting for 458000 cases worldwide, it is the seventh most deadly cancer[2], and affects men slightly more than women. Unfortunately, PC tends to exhibit a distinct resistance to radiotherapy and chemotherapy, contributing to increased mortality. Understanding how particular lesions can induce and maintain pancreatic carcinogenesis, as well as how the molecular mechanisms both upstream and downstream of the initial pathology contribute to morbidity, treatment resistance, and mortality will ultimately inform clinical strategies to combat this deadly disease.
Pancreatic adenocarcinoma is a cancer with low overall tumor mutation burden (TMB). The majority of pancreatic cancer cases in The Cancer Genome Atlas series display less than 50 mutations, and only few cancers have 50 to 80 mutations and even fewer cases have a TMB above 80 mutations[3]. Few cancer-associated genes display recurrent mutations in pancreatic adenocarcinoma and include activating mutations in the oncogene KRAS which are observed in most cases of these cancers, and mutations in tumor suppressor TP53 encoding for the p53 protein which are observed in about two thirds of cases. Two additional tumor suppressors, cell cycle inhibitor p16 and the Transforming growth factor beta (TGFβ) pathway signal transducer SMAD4, are mutated in about 20% of cases in pancreatic cancers[3,4]. p16 is encoded by gene CDKN2A which is located at chromosome 9p. The same locus also encodes for the p53 positive regulator p14ARF. The locus is deleted in 10% to 25% of pancreatic cancer cases. Besides these four recurrent gene abnormalities no other oncogenes or tumor suppressors are commonly altered in pancreatic cancers. Studies of genomic profiles of pancreatic cancers have shown that the disease is heterogeneous and different sub-types exist, similar with other cancers. A most recent genomic classification, for example, assigns pancreatic cancer in four types: squamous, pancreatic progenitor, immunogenic and aberrant differentiation endocrine-exocrine[5].
Cancer cells rely on proteasome activity for regulation of their increased metabolism[6,7]. In addition, specific cancer-associated pathways are dependent on proteasome degradation of tumor suppressors or for neutralization of inhibitors of oncogenes. As examples, activation of the NF-κB pathway requires proteasome degradation of inhibiting I-κB protein and tumor suppressor p53 is tightly controlled through ubiquitination by ubiquitin ligase MDM2 and other ligases for proteasome degradation[8]. Another example is provided by kinase GSK3β, which phosphorylates substrates such as oncogenic β-catenin for subsequent ubiquitination and proteasome degradation. This process is frequently debilitated in cancers[9]. Pharmacologic proteasome inhibition leads to pancreatic cancer cells growth arrest and decreased viability in vitro and in vivo, especially in combination therapies[10]. In contrast, pancreatic cancer cells that acquire the ability to shut down protein translation in conditions of proteasome inhibition are resistant to proteasome inhibitors[11].
Given the importance of proteostasis regulation in cancer and the increased metabolism of cancer cells, proteasome sub-unit production and availability as building blocks of the organelle are regulated at the transcriptional level by several factors[12]. The current paper will discuss the regulation of proteasome by these factors in cancer with a focus on pancreatic cancer.

PROTEASOME
Proteasomes are multi-subunit proteolytic organelles that recognize, unfold, and digest unneeded or damaged proteins within the cell. In mammals, the most common variant is the cytosolic 26S proteosome (2-MDa) that consists of a core protease (750 kDa) with a Svedberg sedimentation coefficient (rate under acceleration) or S-value of 20 (or 20 × 108 cm2/s). The core is flanked by two, ATP-dependent 19 S regulatory subunits (700 kDa, called PA700) that unfold substrates and direct them toward the core for degradation[13]. Together, they form a tube-like structure through which linearized proteins pass and get cleaved within the center-most lumen of the complex. Unlike lysosomes, which are primarily activated under stress conditions, proteasomes (which can also become activated under stress conditions) regulate normative protein turnover associated with basal metabolic conditions. The process is highly selective, owing to the identification of targets by a three-step ubiquitination process. Briefly, E1 ubiquitin-activating enzymes capture ubiquitin which are then transferred to E2 ubiquitin-conjugating enzymes which then, in coordination with E3 ubiquitin ligases, catalyze bonds between the C-terminal glycine of the ubiquitin molecule and a lysine molecule within the substrate protein. The net result of the E1-E2-E3 cascade is the addition of one or more ubiquitin molecules to the substrate protein which are then recognized by ubiquitin-binding sites located at the 19S caps of the proteosome. Proteasome recognition requires a chain of at least four ubiquitin molecules tagged to a target protein, usually through lysines at position 48 of each ubiquitin molecule[14]. Once ubiquitinated proteins are unfolded and directed toward the central protease by the 19S subunits, proteolysis proceeds whereby the inner β subunit rings of the core trigger a threonine-dependent nucleophilic attack[15]. Specifically, β1, β2, and β5 subunits within the inner-most domains of the core generate caspase-like, trypsin-like, and chymotrypsin-like activities, respectively. As proteins pass through the core, they are cleaved into short polypeptides typically consisting of 3 to 15 amino-acid residues each which are then recycled by hydrolysis.
The ubiquitin-proteasome proteolytic pathway has, unsurprisingly, been identified as a conserved cell function that can be exploited to combat cancer. The discovery that caspases–a family of proteases–were the chief executors of apoptosis spurred initial interest in the proteasome as a potential mediator of similar functions relevant to the control of programmed cell death. Further, its role as a regulator of the tumor suppressor protein p53, Bcl-2 family apoptosis inhibitors, and cyclin-dependent kinase (CDK) inhibitors reflected its potential as a target for cancer therapy[16,17]. Indeed, proteasome inhibitors, either alone or in combination with other anti-cancer therapies, have confirmed anti-tumor properties in hematologic cancers[18,19]. Antineoplastic activity derives from diverse actions such as blocking antiapoptotic genes, down-regulating survival signals, preventing efflux of cytotoxic agents, promoting DNA stabilization for cleaving, and by other mechanisms. The potential of proteasome inhibition has been translated to successful therapies in hematologic malignancies including multiple myeloma and mantle cell lymphoma[20,21]. However, in solid tumors, proteasome inhibition has not met with similar success and no benefit has been shown, despite extensive clinical investigations[22,23]. Development, on most occasions, has followed a one-size-fit-all model with no attempt to tailor treatment to sub-sets with possible sensitivity, despite pre-clinical evidence for the existence of such molecular sub-sets in various cancers[24]. Thus, a targeted development of proteasome inhibitors based on biomarkers deserves further investigation in solid tumors, including pancreatic cancer.

REGULATORS OF PROTEASOME WITH FOCUS ON PANCREATIC CANCER 
Regulation of proteostasis is an important part of metabolism in active cells including cancer cells which possess an increased proteasome activity[25]. Proteasome regulation at the transcriptional level is effectuated in various cellular contexts by coordinated transcription of the proteasome multiple sub-units by a panel of transcription factors that include FOXO family members, NFE2L2 (also called NRF2), heat shock factors 1 and 2 (hHSF1 and hHSF2) and NF-Y (Figure 1). Activity of these factors vary in cancer cells but results in the overall increased proteasome availability and function that is necessary for their increased protein turn-over associated with cellular processes. Increased proteasome activity in bulk cancer cells contrast with reduced activity in cancer stem cells which are metabolically less active or quiescent[12,26]. Despite lower proteasome activity, cancer stem cells still depend on proteostatic controls for their basic functions and are sensitive to proteasome inhibition. Proteasome inhibitor, carfilzomib sensitivity has been described in the squamous/cornified subtype of pancreatic cancer[27]. This subtype presents with down-regulated epithelial mesenchymal transition (EMT) genes which are associated with cancer stem characteristics, suggesting a lower abundance of stem cell sub-population. Although no correlation with proteasome activity was found in squamous/cornified pancreatic cancers, a correlation with unfolded protein response genes ATF4 and CHOP expression and de novo RNA and protein synthesis was discerned, confirming the role of proteostasis[27]. The following sub-sections will discuss the regulation of the proteasome by the major transcription factors that govern their sub-units’ transcription.

FOXO
FOXO family transcription factors regulate key carcinogenesis processes such as apoptosis and proliferation, acting as tumor suppressors. Thus, suppression of FOXO factors is important during carcinogenesis and is accomplished through activation of kinase Akt, the major negative regulator of FOXOs, which is commonly activated down-stream of receptor tyrosine kinases, by KRAS and PI3K kinase cascades in various cancers[28] (Figure 1). FOXO transcription factors have a positive effect in proteasome regulation through activation of transcription of proteasome sub-units[12]. A pathophysiologic role of FOXO transcription factors in muscle atrophy through proteasome genes induction, and reversal of atrophy by protein kinase A inhibition of FOXO members FOXO1 and FOXO3 has been described[29]. Transcription co-activator Peroxisome Proliferator Activated Receptor gamma Co-activator 1alpha (PGC-1α) counteracts the atrophy promoting effects of FOXO3 and reduces denervation-induced muscle atrophy and cancer cachexia in mice[30]. In pancreatic cancer, PGC-1α, acting in concert with the nuclear receptor family transcription factors PPARγ and RXRα, has a tumor suppressing effect through induction of phosphatase PTEN and inhibition of Akt[31]. Given that p53 is a negative regulator of PCG-1α, PCG-1α may be up-regulated in pancreatic cancers with TP53 mutations[32]. Whether PCG-1α negatively regulates FOXO activity in pancreatic cancer, similarly to the effects in muscle remains unstudied. Such a negative regulation would synergize with the activity of the mutant KRAS/ PI3K/ Akt cascade.
The family member FOXO3 has an indirect negative effect on proteasome regulation through induction of protein Keap1, a negative regulator of NFE2L2[33]. Moreover, FOXO3 activated by cGMP has a role in maintenance of pancreatic cancer stem cells with CD44+ phenotype[34]. Keap1 induction due to FOXO3 activation would suppress proteasome transcription in these cells through NFE2L2 down-regulation. Cancer stem cells are, in general, less active metabolically and present a lower proteasome activity[12]. Also relevant for cancer stem cells, FOXO activity in proteasome regulation is counter-acted by transcription regulator ZEB1[35]. ZEB1 is a zinc finger protein that belongs to the core regulators of EMT, a process involved in metastasis and associated with stemness[36,37]. The dual role, direct and indirect, of FOXO family members in the transcription of proteasome sub-units may decrease the importance of FOXO transcriptional activity for maintenance of proteasome function in cancer cells. Suppression of FOXO family activity through upstream overactivated KRAS and PI3K/ Akt signaling, in addition to other pro-carcinogenic effects, down-regulates Keap1 leading to an eventual stabilization and increased activity of NFE2L2, which is a key factor for proteasome regulation and reactive oxygen species detoxification[38].
A reciprocal regulation of FOXO transcription factors by the proteasome is mediated by ubiquitination and proteasome degradation through the action of ubiquitin ligase MDM2, which also ubiquitinates p53 and the other proteasome regulating transcription factor NFE2L2[39].

NFE2L2 (NRF2)
NFE2L2 is a transcription factor that serves as a bulwark against oxidative damage following injury or inflammation by regulating the expression of antioxidant proteins[40]. It has also been implicated as a major participant in regulatory networks that control cell metabolism, autophagy, mitochondrial function, and proteolysis, including upregulated expression of the catalytic subunits of the 26S proteasome[41]. As the accumulation of oxidated and polyubiquitinated protein aggregates are major correlates of aging and senescence[42,43], regulation of NFE2L2 demonstrates therapeutic potential for neurodegenerative and cardiac disease as well as cancer[41].
NFE2L2 is overexpressed and predicts anti-cancer drug resistance[44,45]. The neoplastic progression to pancreatic ductal adenocarcinoma is induced by a signaling pathway that is potentiated by stress involving NFE2L2, E3 ubiquitin-protein ligase MDM2 (a negative regulator of p53), and ubiquitin-binding protein p62[46]. The mechanism is thought to involve the accumulation of p62 which triggers NFE2L2-MDM2 to modulate p53 and the morphogen Notch which induce conversions of acinar cells to progenitor-like cells, which then accelerate lesions toward malignant phenotypes. Pancreatic carcinogenesis can be experimentally suppressed by selective deletion of NFE2L2 in a mutant K-ras and p53 model[47], highlighting the intrinsic links between oxidative stress, NFE2L2, proteostasis, and cancer. Mice with mutations in K-ras and p53 display decreased pancreatic tumor formation and progression when NFE2L2 is lost compared with animals with intact NFE2L2. Loss of NFE2L2 results in down-regulation of several oxidative detoxification enzymes, such as glutathione S-transferases and UDP glucuronosyltransferases. In addition, transporters of the ABC family are down-regulated leading to increased gemcitabine sensitivity[48]. However, the pro-carcinogenic effect of NFE2L2 is tumor environment-specific, given that in the absence of p53 mutations animals with K-ras mutations and NFE2L2 activation develop pancreatic parenchyma atrophy[47].

hHSF1 and hHSF2
hHSF1 belongs, together with hHSF2, hHSF3 and hHSF4, to a family of transcription factors involved in proteostasis and is upregulated after proteasome inhibition and under other stress conditions[34,49]. hHSF1 is the founding member of the family and is homologous to the fly heat shock factor. In this organism only one HSF protein exists[50]. Following hyperthermia, oxidative stress or proteasome inhibition hHSF1 dissociates from chaperone HSP90 and trimerizes. The trimeric form is capable of DNA binding to Heat Shock Elements (HSE), the target sequence of Heat Shock Factors and initiation of target gene transcription, that include chaperone proteins, ubiquitin and proteasome sub-nits[50,51]. hHSF2 binds DNA as a homotrimer or heterotrimer with hHSF1, with the activation capacity depending on the consistency of the trimer[52]. Cells that lack HSF2 display decreased expression of proteasome sub-units and display p53 stabilization due to decreased proteasome activity[53]. In addition, hHSF1 and hHSF2 participate in proteotoxic stress response by up-regulating transcription of chaperone protein clusterin (also called apolipoprotein J), which possesses a noncanonical HSE in its promoter[54,55]. Thus, HSFs constitute part of a feedback proteostasis response whence proteostasis perturbations lead to up-regulation of these factors that help re-establish the balance of cellular proteins metabolism[56].
Besides the proteostasis response, hHSF1 and hHSF2 have a broader role in cancer that derives from additional functions of these transcription factors in cancer-associated processes, such as proliferation, inhibition of apoptosis and metastasis[51]. hHSF1 promotes the cell cycle through a direct interaction with ubiquitin ligase APC/C co-factor cdc20, which leads to inhibition of cyclin B and securin degradation[57]. Phosphorylation of hHSF1 by mitotic kinase PLK1 is required for mitotic exit inhibition and is observed in cancer cells with mutated p53, which have defective PLK1 function regulation[58]. As a result of mitotic perturbation, aneuploidy ensues with micronuclei formation, a hallmark of chromosomal instability. The role of hHSF1 in metastasis is exemplified by induction of EMT core transcription regulator Slug in breast cancer cells that depends on hHSF1 activation by kinase Akt[59]. hHSF2 deficiency affects cell-cell adhesion cadherins, whose downregulation leads to loss of cellular adhesions and cell demise, possibly due to anoikis[60]. Absence of cell-cell adhesion is associated with intolerance of prolonged proteotoxic stress[60]. This could explain the association of cancer stemness and stem cells, which have decreased proteasome activity with the ability to undergo EMT, which requires dissolving cell adhesions[12]. Indeed, hHSF1 activity endows cancer cells with stem cell properties, at least in the case of breast cancer[61]. hHSF1 induction in breast cancer cells increases cells with the stem cell phenotype and chemotherapy resistance while knockdown of hHSF1 reduces stem cells. 
Interestingly, hHSF1 shares with FOXO transcription factors a role in longevity[50]. This could be the result of their also shared role in proteostasis, as improved protein handling provides a benefit in cellular function which would be expected to provide a cell survival advantage. The benefit is usurped by cancer cells, the ultimate immortal cells. A similar dual effect in pancreatic cancer is at play for another proteostatic mechanism related to longevity, autophagy, which is beneficial in established pancreatic cancers[62]. Increased autophagic flux is beneficial and promotes longevity in cells where the mitochondrial membrane potential is preserved through a closed mitochondrial permeability transition pore (mPTP), while apoptosis ensues in cells with high autophagic flux but an open mPTP[63]. KRAS mutations as observed in pancreatic cancer sensitize cells to mitochondrial membrane potential destabilization[64].

NF-Y
The CCAAT-binding factor, also known as NF-Y, is a transcription factor with well-established gene regulatory properties and serves as a safeguard against abnormal translation by maintaining nucleosome-depleted regions at gene promoters[65]. NF-Y is a trimeric complex consisting of NF-YA, NF-YB and NF-YC[66]. The NF-YA sub-unit is the DNA binding partner and mutations in the DNA binding domain in its carboxyterminus lead to inability of the trimer to bind promoters of target genes. NF-Y has been shown to regulate transcription of cell cycle-related genes including CDKs, embryonic differentiation and morphogenesis by activation of SOX genes, and cancer-related genes including the tumor suppressor TβRII among others[67]. Indeed, the integrity of CCAAT boxes and functional NF-Y complexes are vital to cell cycle progression as a response to DNA damage[68,69]. Several proteasome genes carry CCAAT boxes in their promoters and are regulated by NF-Y[70]. Interestingly, CCAAT boxes are disproportionately represented in gene promoters that are overexpressed in cancers and NF-Y activity is critical to both cell transformation and proliferation by way of interactions with p53[66]. In addition, there is a strong metabolic component to the NF-Y regulome, with de novo biosynthesis of lipids, purines, and polyamines, as well as glycolysis and activation of glutamine pathway[71]. NF-Y therefore appears to represent a watershed factor at the intersection of cell transformation, proliferation, and metabolism–a deadly combination when co-opted by cancer. In pancreatic cancer, disruption by mutant p53 of the p73/NF-Y complex initiates the transcription of platelet-derived growth factor receptor β (PDGFRβ) and potentiates invasion and metastasis[72]. Thus, NF-Y has been identified as a promising target for anti-cancer therapies. For example, indirubin derivatives, which are known to exert anti-tumor effects by inhibiting CDKs, also act to inhibit binding of NF-Y to DNA[73]. Computational drug repositioning techniques indicate that other candidate anti-cancer drugs are likely to impact NF-Y transcription[74].

REGULATION OF PROTEASOME REGULATORS BY MOLECULAR LESIONS OF PANCREATIC CANCER 
As mentioned above, only a few recurrent molecular abnormalities in oncogenes and tumor suppressors are present in pancreatic cancer[3]. Up to 80%-90% of human pancreatic adenocarcinomas bear classic activating mutations at codons 12, 13 or 61 in oncogene KRAS and about two thirds of pancreatic cancers display mutations in tumor suppressor p53. Two other tumor suppressors, SMAD4 and p16 are mutated in a sizeable minority of pancreatic cancers. Lesions in these proteins that affect important molecular pathways of pancreatic carcinogenesis also have repercussions for proteasome master regulators and their function and they will be discussed in this section. Moreover, transcription factors-regulators of the proteasome expression are involved in pathways regulated by common pancreatic cancer molecular lesions and reciprocal relationships exist, constituting an elaborate network.

KRAS
RAS proteins are single-subunit small GTPases that are fundamental to cell signaling pathways, regulating proliferation, cell adhesion, apoptosis, migration, and differentiation. Perhaps the most well-studied and indispensable pathway is the mitogen-activated protein kinase (MAPK) cascade, which potentiates downstream gene transcription involved in proliferation and growth. RAS signals also through the PI3K Akt pathway that regulates metabolism, cell growth and survival[75]. The human genome contains 3 Ras gene isoforms-HRAS, KRAS, and NRAS-which are notably the most predominant oncogenes involved in cancer. KRAS mutations are found in almost all (95%) cases of pancreatic ductal adenocarcinoma, dwarfing the mutation frequencies of HRAS (< 1%) and NRAS (< 1%)[76]. Incidentally, the same pattern of KRAS mutation frequency dominance over other RAS isoforms is observed in colorectal cancer, renal cell carcinoma, and stomach cancer, though to lesser degrees. In lung cancer, polymorphisms associated with the NF-Y binding site within the KRAS gene may increase the likelihood of developing the malignancy[77]. The KRAS oncogene mutation was found to abnormally activate several pathways including the PI3K-AKT-mTOR and Ras-MAPK pathways in both human pancreatic cancers and mouse models of pancreatic adenocarcinoma[78]. Using a mouse model of pancreatic adenocarcinoma, LSL-KrasG12D/+, that recapitulates the development of pancreatic cancer, it was recently demonstrated that the heat shock factor 1 (HSF1) and epidermal growth factor receptor (EGFR) pathway is a major determinant of progression[79]. HSF1 is an important regulator of proteostasis in cancers, exerting control over metabolism and cancer-promoting signals[80,81]. Thus, increased activity emanating from a mutated KRAS has the potential to increase proteasome transcription through regulation of several core regulators including NFE2L2, FOXO family members and hHSF1.

Mutant p53
Proteasome plays a key role in regulation of the physiologic function of wild type p53, as the tumor suppressor turnover needs to be tightly controlled to avoid untimely cell cycle arrest or cell demise from its accumulation in normal cells[9]. Pharmacologic inhibition of the proteasome with bortezomib results in cell death associated with p53 accumulation[82]. The oncogene c-Myc also accumulates in this model which may also result in indirect induction of p53 through p14ARF activation. c-Myc activation in normal cells in stress conditions leads to cell cycle arrest and apoptosis through activation of the p14ARF/ p53 axis and thus, in cancer, neutralization of this axis is a prerequisite for tolerance of c-Myc activation, which is present in a sub-set of pancreatic adenocarcinomas[83].Pancreatic cancers with mutations in TP53 rely less on proteasome activity to neutralize p53 activity, while the sub-set with intact TP53 may particularly benefit from the increased proteasome activity that results from up-regulation of proteasome sub-units. In addition, mutant TP53 pancreatic cancers carry more often than TP53 wild-type cancers lesions of the CDKN2A locus, encoding for p14ARF and p16, which may impair further residual proteasomal degradation of p53 due to impaired ubiquitination by MDM2[3].
Mutated p53 may play a role in stabilization of NFE2L2 through an interplay between HSP90 that provides a feedback antioxidant response, involving the interaction with p62/sequestrome and stabilization of NFE2L2[84]. This response protected pancreatic cancer cells from excess reactive oxygen species through up-regulation of antioxidant enzymes, in vitro. However, whether proteasome was up-regulated in these cells was not examined in this study[84]. Mutated p53 co-operates with NFE2L2 in transcription of targets genes with ARE sequences in their promoters such as the thioredoxin gene[85]. In addition, the mutant p53 transcriptional program included proteasome genes and induced proteasome inhibitor resistance in another study[86].
Another gain of function of mutated p53 involves promotion of the transcriptional program of transcription factor hHSF1 by interacting directly with hHSF1 phosphorylated at S326[87]. This interaction favors binding of hHSF1 to HSE DNA target sequences and induces cancer cell resistance to proteotoxic stress, by upregulation of genes such as the chaperone HSP90. Increased chaperone activity favors stability of mutant oncoproteins, including mutated p53 itself, in a positive feed-forward loop. Besides chaperone stabilizing activity for mutated p53, HSP90 interacts and interferes with the function of ligase MDM2 and another p53 ligase, CHIP (Carboxyterminus of HSP70 Interacting Protein), preventing mutated p53 ubiquitination and degradation by the proteasome[88]. Thus, chaperoning of mutated p53 by HSP90 instead of HSP70, that interacts with CHIP promotes stability of the mutant protein altering its fate of degradation[89]. In addition, hHSF1 facilitates nuclear localization of p53, where the two factors can continue their co-operation on the transcription from HSE containing promoters[90]. Phosphorylation of hHSF1 at the serine of position 326 is executed by activation of MAPK and PI3K cascades and thus may be a direct effect downstream of activated KRAS[90].
Similar to the interaction with hHSF1, mutant p53 binds to the proteasome regulator NF-Y on CCAAT target sequences and alters the transactivation capability of this regulator[91]. Following exposure to DNA damaging agents, NF-Y bound to mutant p53 interacts with acetyltransferase p300 and activates cell cycle genes, instead of its interaction with HDACs when bound to wild-type p53, which leads to gene suppression and cell cycle arrest[91,92]. In pancreatic cancer, mutant p53 replaces the family member p73 from complexes with NF-Y factors resulting in derepression of the promoter of receptor tyrosine kinase PDGFRβ gene[72]. PDGFRβ signaling contributes to increased metastatic potential in this model. Mutant p53 could contribute also to up-regulation of proteasome genes which are targets of NF-Y.

TGFβ / SMAD
TGFβ is one of three cytokines belonging to the transforming growth factor family. TGFβ is most notably involved in immunosuppression, angiogenesis, metabolic activity, and cell-cycle control. Upon interaction with the TGFβ receptor (type II), this cytokine triggers a signaling cascade which phosphorylates receptor-activated Smad proteins which in turn form complexes, translocate to the nucleus, and induce gene transcription. Inactivation of SMAD4, which mediates pancreatic cell apoptosis and proliferation, is observed in half of advanced pancreatic cancers[93]. While SMAD4-regulated genes associated with the TGFβ pathway are normally tumor-suppressive in pancreatic epithelial cells[94], pancreatic tumors often display increased expression of TGFβ which promotes a tissue microenvironment of paracrine-like signaling that becomes tumorigenic when SMAD4 incurs mutations or complete deletion[95,96]. Further, TGFβ signaling can become deregulated by the genetic state of KRAS, becoming pro-carcinogenic[97]. In addition, specific SMAD4 mutants encountered in pancreatic and colon cancers show an increased phosphorylation by GSK3β kinase and MAPK and subsequent ubiquitination and proteasome degradation[98]. Both GSK3β and MAPK activities are modulated by activated KRAS cascades. Interestingly, pancreatic cancer development is tied to the negative regulation of E-cadherin expression by ZEB2 (also known as SIP1- Smad-interacting protein 1) and is associated with migration and invasiveness[99]. TGFβ’s dual, context-dependent relationship as a tumor suppressor or promoter is further complicated when considering that during pancreatic carcinogenesis there is crosstalk with NFE2L2, contributing to malignant transformation[100]. In pancreatic cancer cells, TGFβ signaling up-regulates NFE2L2 and suppresses E-cadherin expression, contributing to invasion (Figure 1). In contrast, in premalignant human pancreatic duct cells, TGFβ is not able to affect NFE2L2. Knockdown of NFE2L2 decreases the potential of TGFβ to induce invasion of pancreatic cancer cells[100]. TGFβ signaling regulates also nuclear localization of the NF-YA sub-unit of NF-Y factor[101]. In cells exposed to TGFβ, NF-YA localizes to the nucleus and binds target gene promoters in a manner that depends on the activity of MAPK kinases but is independent of the SMAD factors. The baseline activity of MAPK kinases in various cell types affects the kinetics of NF-YA nuclear localization and activity[101]. The intermediate signal from TGFβ to MAPK for the activation of NF-Y may be carried by MAPKKK TGFβ Activated Kinase 1 (TAK1)[102]. These data suggest that the micro-environment of cancer cells rewires TGFβ transduction that may underline proteasome levels and activity[103]. 

p16 mutations and deep deletions of the p16/ p14 locus
p16 (INK4a) is a cyclin dependent kinase inhibitor that inhibits the Cyclin Dependent Kinase 4 and 6 (CDK4/6)/Cyclin D complex activity resulting in cell cycle arrest[104]. Cyclin D is a proteasome substrate and is degraded when p16 prevents interaction of the CDK4/Cyclin D complex with the Retinoblastoma (Rb) protein. Cells with activated KRAS/PI3K/AKT pathway and with increased KRAS/BRAF/MEK activity undergo oncogene induced senescence through up-regulation of p16 and the related cyclin dependent kinase inhibitor p15 and thus, derive benefit from absence of p16[105,106]. The benefit of inactivating p16 in KRAS mutated cancers is also observed in colorectal cancers where the mechanism is promoter methylation at the CDKN2A gene locus that encodes for p16[107]. Inactivation of the fail-safe mechanism of senescence induction in KRAS mutant cells may be accomplished in different cancers by different mechanisms such as mutations, deletion of the locus and promoter methylation[108]. A subset of pancreatic cancers bears mutations in the CDKN2A gene. Other pancreatic cancer cases display deletions of the CDKN2A locus, leading, besides the absence of p16, to absence of expression of p14ARF protein, a positive regulator of p53. p14ARF protein is transcribed from the same locus with an overlapping sequence but an alternative reading frame. Absence of p14ARF allows MDM2 to ubiquitinate wild type p53 for proteasomal degradation. In pancreatic cancers with p16 mutations or deletions, the absence of p16 function allows proliferation despite high proteasome activity[109]. In addition, p14ARF has regulatory activities beyond induction of p53, among which is a negative regulation of NFE2L2[110]. p14ARF prevents NFE2L2 from activating targets genes such as SLC7A11. Thus, deletion of p14ARF in pancreatic cancer may contribute to NFE2L2 activation and increased target gene expression, including proteasome component genes. On the other hand, cell cycle inhibitor p16 is a target gene of NFE2L2 and as a result deletion of the locus prevents up-regulation that would be an effect of NFE2L2 activation[6].
p16 also regulates the transcriptional activity of transcription factor NF-Y through inhibition of cyclin dependent kinases[111]. The transcription of human thymidine kinase gene which possesses a CAATT boxes in its promoter and is activated by NF-Y is reduced in cervical cancer cells transfected with p16. Thus, p16 has a broad effect in proteasome factors regulation and its absence or deregulation in pancreatic cancer may contribute to increased proteasomal activity.
The tumor suppressor role of p16 relates to cell cycle inhibition and permanent exit from cycling, associated with induction of senescence[112]. Hence the frequent occurrence of neutralization of p16 in cancers offers proliferation advantage. In normal cells, protracted activation of p16 also induces senescence and contributes to aging. A related effect of p16 is in prevention of reprogramming and pluripotency. p16 is a major roadblock in the induction of stem cells from adult differentiated cells. In contrast, p16 inhibition favors reprogramming[113]. In pancreatic cancer, expression of p16 by immunohistochemistry, suggesting an intact protein, was associated with an improved prognosis in patients who had undergone surgical resection[114]. Moreover, patients with absence of lesions in any of the other three common molecular alterations of pancreatic cancer had better survival outcomes. This associations together with the roles of common pancreatic cancer-related pathways in proteasome expression and function further argues for the important role of the proteasome in the disease.

THE PROTEASOME AND ITS REGULATION IN EMT AND STEMNESS AND THERAPEUTIC IMPLICATIONS IN PANCREATIC CANCER 
Proteasome as a major regulator of proteostasis is important for the function of any cell, including cancer cells. Regulation of proteasomes is critical for the normal function of cells and needs to be tightly modulated to reflect the metabolic needs of host cells. During embryonic development, the proteasome is fundamental for embryonic cell proliferation and regulated apoptosis, both co-operating in organismal morphogenesis. Up-regulation of proteasome production induced by transcription factor NFE2L2 and high levels of proteasome activity are present in human embryonic stem cells, which confers structural and functional plasticity[115]. Similarly, cancer cells are characterized by significant intratumoral plasticity that is integral to their neoplastic state and derives from the inherent instability of their genomes[116]. Indeed, pancreatic adenocarcinomas and several other cancers contain, for example, inactivating mutations of the guardian of the genome p53. Further, cancers contain cells with variable proliferation status ranging from a usually smaller subset with lower proliferation and stem cell characteristics and a bulk cancer cell component that are more differentiated and possess higher proliferative activity. Between these extremes, a cell compartment with variable differentiation and proliferation states fills the spectrum. These compartments are not static and cells transition between different proliferative and differentiation states, which is facilitated by their genomic instability. Thus, the stemness of cancer, although it shares characteristics with development, is more fluid than the embryonic stem cell state where the directionality is solely towards differentiation, and typically an ontogenetic goal state set by the body plan. In addition, the cancer stem cell state is less proliferative than embryonic stem cells, where the basic functional output is to maintain cancer cell supply and protect the tumor from external toxins, such as chemotherapy. In contrast, the primary functional output of embryonic stem cells is exactly timed and drives the development of a whole organism from one to several cells. Thus, in contrast to embryonic stem cells, cancer stem cells are for protracted periods quiescent and have low metabolic activity. As a result, in contrast to embryonic stem cells and to bulk cancer cells, their proteasome activity is low[26]. 
The plasticity of cancer stemness endows cancer stem cells with another property derived from embryonic development, EMT and the reverse process, MET. Cancer stem cells have the ability to access both an epithelial and a mesenchymal state using the two processes appropriated from development. When directed towards differentiation stem cells lose this ability and are locked, albeit not irreversibly, into the epithelial state of the bulk stem cells. Notably, mesenchymal stem cell function declines with senescence, which is linked to proteasome dysfunction, where stemness can be enhanced by core subunit β5-overexpression-induced proteasomal re-activation[117]. Fluctuations of proteasome levels and function follow and are regulated by the state of the cancer cell with low levels being adequate in cancer stem cells, but high levels required in proliferating bulk cancer cells with high metabolic and protein turn over. Thus, tight regulation of proteasome levels is expected to be critical for cancer cells and fluctuations of proteasome availability are integrated in the cancer signaling programs with key players being parts of major cancer pathways as detailed in the previous paragraphs. Unsurprisingly, proteasomal regulators such as the deubiquitinating enzyme USP21, which is frequently amplified in 22% of pancreatic adenocarcinomas, when overexpressed, promotes stemness in cancer cells, enhances tumor growth, and drives progression from the precursor pancreatic intraepithelial neoplasia (PanIN) to pancreatic adenocarcinoma[118].
Despite the critical role of proteasome in cancer, therapeutic exploitation of proteasome inhibition has not been successful in solid tumors, in stark contrast to specific hematologic malignancies, such as multiple myeloma where proteasome inhibitors are successfully integrated in the therapeutic armamentarium[119]. In pancreatic cancer, proteasome inhibitors have produced disappointing results in clinical trials and development is not actively in pursuit[120]. However, it is clear from pre-clinical investigations that subsets of pancreatic cancer cells are sensitive to proteasome inhibition. Pancreatic cancers with oncogene c-Myc constitute a subset with such vulnerability[121]. Although c-Myc remains not directly targetable, high activity confers sensitivity to proteotoxic stress and pharmacologic proteasome inhibition. Interestingly, c-Myc amplifications in pancreatic cancer are observed exclusively in cases with p53 mutations, consistent with the induction of oncogenic stress-induced apoptosis if p53 is intact.
Differential regulation of protein translation may also confer proteasome inhibition sensitivity in subsets of pancreatic adenocarcinomas. Pancreatic cancer cells exposed to bortezomib up-regulated the kinase EIF2AK1 (eukaryotic translation Initiation Factor 2 alpha Kinase 1, also known as HRI- Heme Regulated Inhibitor) and are resistant to the drug[11]. Knockdown of EIF2AK1 led to increased protein translation and accumulation resulting to cell death after bortezomib exposure. Another study in pancreatic cancer cell lines that were resistant to 5-FU chemotherapy showed that these lines displayed stem cell and EMT markers expression and high activity of the proteasome master regulator NFE2L2[122]. Knockdown of NFE2L2 in this model sensitized cells to 5-FU.
mTOR inhibitors are drugs that directly affect proteostasis by interfering with protein translation through inhibition of the translation initiation complex[123]. Everolimus, an mTOR inhibitor, provides an example of the challenges and disappointments the pancreatic cancer therapeutics field has faced. The drug is successfully used in combination with hormonal therapy for the treatment of metastatic Estrogen Receptor positive breast cancer[124]. Everolimus has been investigated in pancreatic adenocarcinoma both alone and in combination with various other drugs with the aim to inhibit protein production in proliferating cancer cells. Clinical translation of initial positive pre-clinical data has provided disappointing results[125,126]. As monotherapy, everolimus produces no responses and adding it to chemotherapy or targeted therapies has not provided any benefit. However, the clinical development of the drug has followed the usual chemotherapy development paradigm without any attempt to identify and include sub-sets of pancreatic cancer patients with probable sensitivity to everolimus based on underlying molecular defects. In addition, inhibition of protein translation may not be a good target in pancreatic cancer altogether, based on the above discussion, given that protein production shut-down may alleviate proteostatic stress and could counter-intuitively promote the ability of cancer cells to cope with this stress. In addition, decreased protein turn over could allow for a decreased proteasome activity compatible with acquiring a cancer stem cell phenotype and drug resistance. Other studies have shown that resistance to everolimus results from a feed-back activation of up-stream receptor tyrosine kinases. Nevertheless, attempts to address this resistance mechanism with combinations of everolimus and EGFR kinase inhibitor erlotinib were not met with success[127].

CONCLUSION
It is evident that challenges in pancreatic cancer therapeutics remain. However, targeted exploitation of pancreatic cancer vulnerabilities stemming from proteostasis dysregulation is possible and could promote therapeutics in well-defined molecular sub-sets of patients. Further development of proteasome inhibitors, possibly in combination with other molecularly defined targeted therapies, relies on the discovery of synthetic vulnerabilities. A strategy for drug development of proteasome inhibitors in pancreatic cancer should identify vulnerable cell lines in vitro, examine their molecular make-up and subsequently examine whether patient-derived xenografts with similar molecular lesions are indeed sensitive to these drugs or their combinations with other candidate drugs, before testing the drug(s) in pancreatic cancer patients bearing tumors with the same underlying driver molecular defects.
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Figure Legends
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Figure 1 Schematic of receptor tyrosine kinases/KRAS and transforming growth factor beta/SMAD signaling pathways and downstream key transcription factors regulating the proteosome including FOXO, NF-Y, NFE2L2, and heat shock factors 1/2. Stabilized mutant p53 is involved in proteostasis transcription factors deregulation. For details see text. RTK: Receptor tyrosine kinases; TGFβ: Transforming growth factor beta; hHSF1/2: Heat shock factors 1/2; mtp53: Mutant p53.
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