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Abstract

:

Oncogenic K-RAS mutations are found in virtually all pancreatic cancers, making K-RAS one of the most targeted oncoproteins for drug development in cancer therapies. Despite intense research efforts over the past three decades, oncogenic K-RAS has remained largely “undruggable”. Rather than targeting an upstream component of the RAS signaling pathway (i.e., EGFR/HER2) and/or the midstream effector kinases (i.e., RAF/MEK/ERK/PI3K/mTOR), we propose an alternative strategy to control oncogenic K-RAS signal by targeting its most downstream signaling module, Seven-In-Absentia Homolog (SIAH). SIAH E3 ligase controls the signal output of oncogenic K-RAS hyperactivation that drives unchecked cell proliferation, uncontrolled tumor growth, and rapid cancer cell dissemination in human pancreatic cancer. Therefore, SIAH is an ideal therapeutic target as it is an extraordinarily conserved downstream signaling gatekeeper indispensable for proper RAS signaling. Guided by molecular insights and core principles obtained from developmental and evolutionary biology, we propose an anti-SIAH-centered anti-K-RAS strategy as a logical and alternative anticancer strategy to dampen uncontrolled K-RAS hyperactivation and halt tumor growth and metastasis in pancreatic cancer. The clinical utility of developing SIAH as both a tumor-specific and therapy-responsive biomarker, as well as a viable anti-K-RAS drug target, is logically simple and conceptually innovative. SIAH clearly constitutes a major tumor vulnerability and K-RAS signaling bottleneck in pancreatic ductal adenocarcinoma (PDAC). Given the high degree of evolutionary conservation in the K-RAS/SIAH signaling pathway, an anti-SIAH-based anti-PDAC therapy will synergize with covalent K-RAS inhibitors and direct K-RAS targeted initiatives to control and eradicate pancreatic cancer in the future.
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1. Introduction


Pancreatic cancer represents the archetype of metastatic cancers with a dismal five-year survival rate of 9% and a median survival of 6 months post-diagnosis [1,2,3]. It is currently the third leading cause of cancer-related death, despite only constituting roughly 3% of estimated new cancer cases each year. Its mortality rate exceeded that of breast cancer in 2017, and it is projected to surpass colorectal cancer to become the second leading cause of cancer-related death in the United States by 2030 [1,4]. In 2018 alone, an estimated 55,440 patients will be newly diagnosed with pancreatic cancer, and 44,330 patients are expected to die from this deadly malignancy [4]. Clinical symptoms associated with pancreatic ductal adenocarcinoma (PDAC) are exacerbated by late diagnosis, local invasion, and systemic metastases, culminating in poor prognosis and high mortality [3,5,6]. Currently, surgical resection offers the best hope for long-term survival, but only in cases where the disease is discovered early, prior to local and distant metastases [2,7,8,9]. Only one-fifth (~20%) of pancreatic cancer patients are resectable, while the remainder (~80%) of patients are found to have inoperable disease at the time of diagnosis [1,10,11]. Of patients with operable disease, surgical resection is a curative measure for only 20% of those diagnosed with early stage and non-metastatic diseases. They ultimately represent a tiny subset (4–5%) of all pancreatic cancer patients who become long-term survivors. The remaining 80% of those with operable disease experience post-operative tumor relapse and eventually succumb to this deadly disease [10,12,13,14,15,16]. For the vast majority of patients with inoperable disease, chemo- and radiation therapies are offered as palliative care treatments, yielding few long-term survivors [17,18,19]. The clinical reality is that there are no reliable biomarkers for early detection, and the multi-modality, high-intensity chemo- and radiation therapies confer only a modest survival benefit to patients with chemo-resistant, relapsed, and malignant pancreatic cancer [20,21,22]. Thus, new and innovative strategies are urgently needed to reverse tumorigenesis, prevent metastasis, improve clinical outcomes, and increase overall survival of pancreatic cancer.



Recent advances in multi-agent chemotherapies (FOLFIRINOX or nab–paclitaxel–gemcitabine), neoadjuvant chemotherapies, and precision surgical techniques have improved perioperative morbidity and mortality in pancreatic cancer [2,9,20,22,23,24,25,26,27]. FOLFIRINOX is an aggressive chemo-regimen composed of four chemotherapy agents [folinic acid (leucovorin), fluorouracil (5-FU), irinotecan and oxaliplatin], and it is used to treat locally advanced and metastatic pancreatic cancer in young and physically fit patients [20,22]. FOLFIRINOX conferred a better median overall survival (OS) of 11.1 months versus 6.8 months, progression free survival (PFS) of 6.4 months versus 3.3 months, and an increased response rate of 31.6% versus 9.4% when compared to single-agent gemcitabine chemotherapy; however, significant toxicity and adverse effects to FOLFIRINOX were noted [20]. Moreover, a dual-agent chemotherapy of gemcitabine plus albumin-bound paclitaxel (nab-paclitaxel) was approved as a first line combination chemotherapy for patients with advanced and metastatic pancreatic cancer and conferred an improved median OS of 8.5 months versus 6.7 months, PFS of 5.5 months versus 3.7 months, and an increased response rate of 23% versus 7%, when compared to gemcitabine mono-therapy [22]. Recently, the concept of treating more pancreatic cancer patients with neoadjuvant chemotherapies prior to surgical resection has gained widespread support as a means to convert borderline unresectable pancreatic cancer to resectable status [25,28,29,30]. Despite these significant advances, the overall five-year survival rate for pancreatic cancer remains at 9%. This is the lowest among all solid human tumors, highlighting the unmet clinical need, intellectual challenge, and limited arsenal of effective therapies when it comes to controlling chemo-resistant, recurrent, and metastatic pancreatic cancer [1,2,4,31,32,33]. The clinical reality is that most patients with infiltrating PDAC will develop tumor relapse and succumb to this lethal disease, as metastatic pancreatic cancer remains incurable in the clinic [2,6,27,34,35,36]. As such, there is a pressing need to discover novel anti-PDAC strategies and identify sensitive and reliable molecular tools for early detection. It is imperative to develop therapy-responsive and predictive biomarkers for stratifying patients, quantifying tumor response, forecasting tumor relapse, and predicting patient survival. Importantly, state-of-the-art in vivo tumor tracking technologies and new breakthrough therapies are needed to guide individualized treatment modalities, exploit major PDAC tumor vulnerabilities, identify actionable targets, deliver precision medicine, and ultimately control and eradicate late-stage PDAC in the future.



PDAC tumors have a high degree of tumor and tumor microenvironment (TME) heterogeneity, signaling network plasticity, and genetic diversity [6,33,37]. Their rapidly evolving tumor genomes become far more pronounced in resistant, recurrent, and metastatic settings [38,39,40,41,42]. PDAC is known to have dense stroma with increased mechanical stiffness, hypovascularity, and poor perfusion leading to a hypoxic, nutrient-deprived, and immunosuppressive TME, altered autophagy and metabolic profiles, mitochondrial dysfunction, and heightened cellular stress pathways [3,43,44,45,46,47]. These genetic, biochemical, biophysical, and physiological features make PDAC tumors quite challenging for drug delivery and effective tumor targeting. PDAC is known to be an immunologically cold tumor with few tumor-specific neo-antigens, a lack of infiltrating immune cells, and poor antigenicity, failing to elicit robust immune responses to the existing immune checkpoint therapies. As such, CTLA-4 and/or PD-1/PD-L1 blockade, and stromal-targeted therapies have yet to show adequate efficacy against pancreatic cancer in the clinic [48,49,50,51,52,53,54]. Despite these impenetrable obstacles, there are several innovative strategies that aim to re-establish the responsiveness to checkpoint blockade therapies and redirect the host immune system to attack PDAC cells [55,56,57,58,59,60,61,62,63,64]. The question of how to precisely target and eradicate chemo-refractory, high-grade, and metastatic PDAC tumors has challenged our collective scientific wisdom and presents a barrier to improving standard of care (SOC) therapies, advancing personalized medicine, and inventing new lifesaving strategies to save more PDAC patients in the clinic. As such, it is imperative to design innovative and combination therapies by exploring key PDAC tumor vulnerabilities, deploying precision medicine tools, and shutting down the major tumor-driving K-RAS signaling pathway in order to achieve a curative measure in the future [1,2,6,35,65].




2. As a Central Tumor-Driving Signaling Pathway, Oncogenic K-RAS Activation Remains Largely “Undruggable” in Human Cancer Despite Three Decades of Intense Investigation


Genomic landscape studies have indicated that oncogenic K-RAS pathway activation is virtually universal in pancreatic cancer [12,27,66,67,68,69]. As a major tumor-promoting pathway, the central importance of oncogenic K-RAS activation has been well established in human pancreatic cancer [5,12,35,67,70,71]. An important goal in pancreatic cancer biology is to identify a means to countervail hyperactive K-RAS signals and reverse malignant transformation. The current SOC therapies are rarely curative in resistant, relapsed, and metastatic settings. Therefore, there is a pressing need to identify early detection biomarkers, sensitive screening tools, lifesaving interventions, and innovative strategies to halt tumor growth and inhibit metastasis, and ultimately, to design better precision therapies that will improve overall patient survival in pancreatic cancer [2,3,5,6,12,35]. Pancreatic cancer, with its rapidly evolving tumor genomes, oncogenic K-RAS signaling plasticity and network adaptability, and immense tumor/TME heterogeneity, can easily bypass, rewire, and re-activate its formidable K-RAS signaling network via numerous possible combinations of synergistic compensatory RAS effector pathway activation to re-stimulate tumor growth. In its quest for tumor regrowth and full malignancy, PDAC develops multifaceted resistance mechanisms by overcoming several of the systemic signaling blockades induced by the current SOC therapies. Therefore, most of the existing anti-K-RAS-centered targeted therapies have failed and/or showed limited efficacy [37,68,69,70]. Based on the molecular insights and mechanistic principles learned from developmental, evolutionary, and cancer biology, we recognize that the value of revisiting the K-RAS core operational principles and redesigning an alternative K-RAS targeting program are of paramount importance in pancreatic cancer [72,73]. Hence, we propose to target the evolutionarily conserved and the most downstream signaling module, Seven-In-Absentia Homolog (SIAH), which functions as the ultimate signaling “gatekeeper” and an indispensable major oncogenic K-RAS vulnerability in PDAC. By using an alternative approach of choking its critical signaling bottleneck at the most downstream signaling hub, we aim to shut down oncogenic K-RAS hyperactivation, inhibit PDAC regrowth, prevent pancreatic cancer cell dissemination, and impede its systemic spread in vitro and in vivo (Figure 1).



RAS proteins (H-RAS, K-RAS, and N-RAS) are small GTPases that function as molecular switches. Conformational changes between active GTP-bound and inactive GDP-bound states, transduce signals from the upstream receptors, EGFR/HER2/RTK to midstream kinases to orchestrate a symphony of coordinated cell signaling events to control cell proliferation, differentiation, survival, and apoptosis in all multicellular organisms [66,70,74,75,76,77]. Most oncogenic K-RAS mutations compromise its ability to hydrolyze GTP, essentially retaining the aberrant K-RAS protein in the constitutively active GTP-bound state [69,78,79,80]. These constitutively active K-RAS oncoproteins are the most common mutations detected in pancreatic cancer [67,70,77,81,82]. Due to its unique enzyme kinetics and ultra-low Kd in the picomolar (pM) range, it is kinetically impossible to design competitive small molecule inhibitors to shut down K-RAS oncoproteins [78,79,80]. As such, oncogenic K-RAS has remained undruggable for the past three decades [37,69,83].



Hyperactivation of the oncogenic K-RAS signaling pathway endows PDAC tumor cells with synergistic compensatory pathway co-activation, increased RAS signaling network plasticity, and genomic and systemic adaptability, culminating in aggressive tumor growth, resistance to cytotoxic agents, systemic metastasis, and poor clinical outcomes [6,37,69,71,84]. Even in the absence of oncogenic RAS mutations, activation of the RAS signaling pathway constitutes the “major engine” that drives therapy resistance, aggressive tumor growth, relapse and metastasis in many other types of deadly human cancers [70,83,85,86]. Thus, RAS pathway activation is critical not only to promote tumor initiation, escape, and progression, but also to stimulate tumor relapse, therapy resistance, and metastatic dissemination of human cancer cells [87,88,89,90,91].




3. Targeting and Shutting Down Oncogenic K-RAS Hyperactivation Is the “Holy Grail” in Cancer Biology and Cancer Therapy


Oncogenic K-RAS activation is a well-known drug target in pancreatic cancer [72,78,79,82]. Many innovative approaches have brought great excitement into the RAS field. Several groundbreaking studies that directly target K-RAS exchange mutants and K-RAS membrane localization are a key part of the intense efforts to design specific, effective and durable anti-K-RAS inhibitors that shut down active K-RAS directly. Firstly, RAS must be lipid-modified and membrane-tethered for its biological activity. As such, farnesyltransferase inhibitors (FTI) have been pursued as potential anti-RAS based anticancer targets; however, these FTI-based therapies failed to demonstrate sufficient clinical efficacy, due to compensatory lipid modification moieties for proper K-RAS plasma membrane anchoring [92,93,94,95,96,97]. Recently, a new phosphodiesterase-δ (PDEδ) inhibitor, Deltazinone 1, binds to the prenyl-binding pocket of PDEδ, interferes with proper K-RAS-PDEδ interaction, impairs the proper plasma membrane attachment of prenylated K-RAS, and impedes proper K-RAS signaling in pancreatic cancer cells in vitro and in vivo [98,99,100]. Secondly, significant efforts have been made to inhibit the RAS signal transduction cascades at its upstream receptor tyrosine kinase (RTK) and midstream kinases. Unfortunately, multiple strategies to inhibit oncogenic K-RAS activation at its major effector pathways, the RAF/MEK/MAPK and/or PI3K/mTOR signaling pathways, have shown limited efficacy and transient effects, with rapid drug resistance developing clinically [2]. Thirdly, there are several exciting pharmacologic breakthroughs that have the potential to make oncogenic K-RAS a druggable target in human cancer [101]. These covalent K-RAS inhibitors can directly bind to the catalytic active site of K-RASG12C via a trapping mechanism, prevent the GTP/GDP exchange in its nucleotide-binding pocket, inactivate this constitutively active form of K-RASG12C oncoprotein, and disrupt K-RASG12C signaling to its downstream effector pathways [102,103,104,105,106,107,108,109]. A recent study reported that a highly selective K-RASG12C-specific covalent inhibitor (ARS-1620) has shown promising potency in inducing K-RASG12C-driven PDAC tumor regression in a patient-derived xenograft (PDX) mouse model of pancreatic cancer [109]. While PDAC tumor volumes were significantly reduced in response to the daily administration of ARS-1620 by oral gavage, it is unclear whether a durable and sustained tumor regression can be achieved, tumor recurrence can be prevented, or compensatory signaling pathway activation can be suppressed in response to this potent K-RASG12C-specific inhibitor (ARS-1620) in the clinic [109]. It is important to note that the prevalence of this K-RASG12C mutation is uncommon (present in approximately 3% of PDACs), thus limiting the overall utility of deploying this specific covalent K-RASG12C inhibitor to improve patient survival in general [69,110,111,112]. Thus, improving the in vivo efficacy and duration of more K-RAS allele-specific covalent inhibitors is still necessary in order to unlock their clinical utility as potent anti-PDAC targeted agents [80]. Fourthly, since 2013, the National Institutes of Health (NIH) has established a new RAS initiative that streamlines and supports several highly competitive and innovative projects at the National Cancer Institute (NCI) that aim to directly target and shut down oncogenic K-RAS hyperactivation in preclinical and clinical settings. If successful, it will expedite the concerted efforts to shut down oncogenic K-RAS-driven tumors using the next-generation of covalent K-RAS inhibitors to benefit pancreatic cancer patients in the future [79,113]. Fifthly, at the Pancreatic Cancer Action Network (PanCAN), the state-of-the-art “Know Your Tumor” initiative has recommended molecular profiling of human pancreatic tumors to determine the best treatment options and to deliver the most promising results clinically. The combined national efforts at PanCAN and NCI are well-poised to unleash the synergistic power of applying genomic, genetic, epigenetic, transcriptomic, miRNA, proteomic, and kinomic approaches to human pancreatic cancer by identifying new tumor vulnerabilities and actionable targets, and delivering precision medicine to augment the existing treatment paradigms [27,34,36]. As such, the field of pancreatic cancer is rapidly moving forward, with many exciting results forthcoming at NCI, PanCAN, and many other academic institutions worldwide.




4. The Challenges of Targeting K-RAS-Driven Malignant Pancreatic Tumors


Oncogenic K-RAS hyperactivation successfully co-opts and corrupts PDAC tumor cells, and organizes their neighboring cells (fibroblasts, endothelial cells, and infiltrating immune cells) to form a resilient ecosystem and highly adaptive cellular community in the TME [37]. As such, targeting the K-RAS pathway is expected to be extremely difficult from a systems biology point of view. The first conceptual challenge is that oncogenic K-RAS signaling is nonlinear, highly dynamic, context-dependent, flexible, and constantly evolving. Secondly, oncogenic K-RAS activation is known to orchestrate co-activation of several compensatory effector pathways, stimulate signaling bifurcation and cross talk, induce systemic signaling adaptation via feed-forward and feedback mechanisms, synergize cancer network rewiring, and increase tumor cell survival in response to aggressive chemo- and radiation therapies. Thirdly, pancreatic cancer has immense genetic/epigenetic diversity, and rapidly evolving intra- and inter-tumor and TME heterogeneity in chemo-refractory and malignant tumors [38,39,41,42,84,114]. Fourthly, the rapid tumor genome evolution and high tumor/TME heterogeneity create an unpredictable, hypovascular, hypoxic, and desmoplastic cellular environment that is constantly changing as pancreatic cancer cells grow, disseminate, and metastasize. Therefore, it is conceptually challenging, if not impossible, to identify an “ideal” anti-K-RAS target and develop a precise and curative anti-PDAC therapy using these descriptive “-omics” assessments of malignant pancreatic tumors [2,33,40]. As such, oncogenic K-RAS remains “undruggable” despite significant efforts over the last three decades [37,69,78,79,83]. By revisiting the tenets of developmental and evolutionary biology, we propose an alternative approach by concentrating on the most evolutionarily conserved key signaling gatekeeper as well as the major signaling hubs of the RAS signaling pathway in hopes of further identifying major tumor vulnerabilities and actionable targets in pancreatic cancer.




5. Developmental Biology and Evolutionary Biology Are the Guiding Light in Cancer Biology


Many fundamental principles gleaned from simple model organisms have allowed us to identify and focus on evolutionarily conserved genes, signaling pathways, and regulatory mechanisms. Understanding these molecular basics is necessary to formulate conceptual breakthroughs, develop state-of-the-art investigative tools, and translate groundbreaking innovations from basic science to clinical research [115,116,117,118]. Historically, the core knowledge and fundamental principles acquired in model organisms have formed the major pillars of scientific investigations in modern cancer biology [119,120,121,122]. Among all the cancer signaling pathways that were initially described in model organisms, the RAS signaling pathway is one of the most studied and pertinent pathways to cancer biology. The RAS signaling pathway was discovered in Drosophila melanogaster and Caenorhabditis elegans [123,124,125]. It constitutes one of the best cases where key signaling molecules, regulatory mechanisms, compensatory pathways, and molecular interactions were revealed via extensive genetic epistasis studies in model organisms [123,124,125]. These studies established the core hierarchy of the RAS signal transduction cascade, revealed its critical downstream signaling gatekeepers, and demonstrated the fundamental RAS operational principles that are highly conserved across metazoan species. Several major RAS signaling hubs identified from model organisms are evolutionarily conserved, and thus strategically well positioned to serve as novel anti-RAS drug targets in the future. By targeting these critically important signaling hubs, a new evidence-based anti-RAS strategy, which is supported by developmental and evolutionary biology, has started to emerge. Developmental and evolutionary biology are the guiding light in cancer biology. It is conceivable that a key signaling hub-centered anti-K-RAS strategy will shut down oncogenic K-RAS activation and block oncogenic K-RAS-driven tumor growth and metastasis [73]. We therefore propose revisiting the fundamental biology of RAS activation, as well as RAS signaling plasticity, RAS network rewiring and escape mechanisms. Taking advantage of these molecular insights, core operational principles, evolutionarily conserved key signaling modules, and indispensable major signaling hubs of oncogenic RAS signaling will allow us to uncover important tumor vulnerabilities and identify actionable targets to control and conquer chemo-refractory, relapsed, and metastatic PDAC in the future.




6. Evidence from Developmental Biology and Evolutionary Biology in Support of Cancer Biology


6.1. SIAH Is an Extraordinarily Conserved Signaling Module and the Most Downstream Signaling “Gatekeeper” Indispensable for Proper RAS Signal Transduction in Metazoan Species


Genetic epistasis is a commonly used genetic technique to order gene mutations and organize gene interactions into a particular signaling pathway in Drosophila [126,127]. More than two decades ago, Dr. Gerald M. Rubin and his team at the University of California at Berkeley and the Howard Hughes Medical Institute (HHMI), were the first to (1) discover that RAS acts downstream of a receptor tyrosine kinase (RTK); (2) establish the genetic hierarchical order of the RAS signal transduction cascade; and (3) identify rat sarcoma viral oncogene (RAS), Sevenless (SEV), Seven-In-Absentia (SINA), and Son of Sevenless (SOS) through an elegant genetic screen [125,128,129,130,131,132,133]. The discovery constituted a major breakthrough in the RAS signaling field because the RAS small GTPase physically interacts with active RTK only transiently. As such, RAS could only be identified as a downstream signaling component in the RTK pathway via an elegant and powerful genetic screen [131]. By conducting multiple saturated genetic screens focusing on each signaling component of the RAS signaling pathway, Dr. Rubin and his team successfully established the detailed genetic epistasis of the key signaling molecules in the RAS signaling pathway. They sorted these genes into the upstream, mid-stream and downstream signaling components of the RAS pathway by using Drosophila eye development as a robust and sensitive readout system assaying for RAS activation or inactivation [125]. Through these meticulous genetic epistatic analyses of all the RAS signaling components identified thus far, SINA was identified as the most downstream signaling component essential for proper SEV/RAS/RAF/MEK/ERK/ETS signal transmission [125,130,132]. The RAS signaling pathway is highly conserved and its mode of operation in fruit flies is directly pertinent to the mammalian RAS signal transduction cascade.



Hyperactive K-RAS signaling is a major menace that drives aggressive tumor growth and cancer dissemination in human pancreatic cancer. Guided by these fundamental insights and molecular principles learned from developmental biology and evolutionary biology, we lay out an alternative strategy to control oncogenic K-RAS hyperactivation and eradicate oncogenic K-RAS-driven tumors in pancreatic cancer [72]. Instead of targeting the upstream and midstream signaling modules, we propose to stop malignant tumor growth of pancreatic cancer cells by targeting the most downstream signal module–the SIAH E3 ligases–in the oncogenic K-RAS signaling pathway [72,134,135] (Figure 1). We showed that SIAH deficiency impedes oncogenic K-RAS signaling transduction as well as oncogenic K-RAS-driven human pancreatic and lung cancer cells in xenograft mouse models [134,135]. Recently, we performed a phylogenetic analysis on the SIAH E3 ligases to show that SIAH is an extraordinarily conserved signaling component in the RAS signaling pathway in metazoa [73].




6.2. SINA-Mediated Proteolysis Is the Most Downstream Signaling Gatekeeper in the RAS Pathway in Drosophila Eye Development


The RAS signal transduction cascade is one of the most evolutionarily conserved signaling pathways in the animal kingdom [77,83,136,137,138,139]. It is a critically important signaling pathway that controls many fundamental cellular processes, including cell proliferation, differentiation, migration, apoptosis, and stem cell renewal during normal development, tissue regeneration, and pathogenesis of diseases [70,77,123,125,140]. The simple model organism, Drosophila melanogaster, has played a pivotal role in identifying many key signaling components and delineating the regulatory principles of the RAS signal transmission, including Sevenless (SEV, the Drosophila homolog of mammalian EGFR), Son of Sevenless (SOS), rat sarcoma viral oncogene (RAS), RAF serine/threonine kinase, Mitogen-activated Protein Kinase Kinase (MEK), Mitogen-activated Protein Kinase (MAPK), and Seven-In-Absentia (SINA) [125,128,130,131,141,142,143,144]. SINA is a ubiquitin E3 ligase whose function is absolutely required for RAS signal transduction and R7 photoreceptor cell fate determination in Drosophila eye development (Figure 2A) [125,128,145]. Extensive genetic epistatic studies have demonstrated that SINA activity is indispensable for proper RAS signal transduction, and that none of the active EGFR, RAS, RAF, and MAPK signals can be transmitted without proper SINA biological activity [125,128,130,145]. Thus, Drosophila SINA is the most downstream signaling “gatekeeper” identified in the RAS signaling pathway in vivo [72,125,128,145]. These genetic studies have revealed key insights and core principles about the critical dependence of SINA activity for proper RAS signal transduction in Drosophila photoreceptor cell development (Figure 2A) [125,130,132].




6.3. The K-RAS and SIAH Signaling Axis Is Highly Conserved in Cancer Biology


Drosophila SINA and two of its human homologs, SIAH1 and SIAH2, belong to an extraordinarily conserved family of RING domain E3 ligases that function as either homo- or hetero-dimers [73,145,146,147,148,149,150,151]. The SINA/SIAH family of E3 ligases have four distinct functional domains that are highly conserved: (1) the Really Interesting New Gene (RING) domain that functions as the catalytic active site for its E3 ligase activity; (2) the SIAH-type zinc finger (SZF) domain contains a dual zinc-finger motif; (3) the substrate-binding site (SBS) that recognizes and selects substrates; and (4) the dimerization (DIMER) domain that allows for homo- and heterodimerization between different SIAH proteins (Figure 3) [147,148,149,150,151,152,153,154,155]. The SZF, SBS, and DIMER domains form the substrate-binding domain (SBD), which is responsible for the recognition, interaction, targeting, and/or degradation of SIAH-interacting proteins (SIAH partners, regulators and substrates) [147,149,150,151,152,153,154,155]. SIAH E3 ligases are known to target and modify a multitude of diverse substrates, binding partners, and regulators. These interactions result in altered protein stability, context-dependent protein complex assembly, subcellular localization, and still other yet-to-be-identified cellular and molecular changes that influence normal development and tumor pathogenesis in vitro and in vivo [72,156,157]. As suggested by the Drosophila RAS studies, human SIAH-dependent proteolysis might also play a similar role as the most downstream signaling “gatekeeper” identified in the oncogenic K-RAS pathway in pancreatic cancer (Figure 2).



Mammalian SIAHs have been implicated in tumorigenesis by interacting with and modulating the stability of potent signaling molecules in oncogenesis; these include β-catenin, prolyl-hydroxylases/HIF-1α, TRAF2, NUMB, RINGO, Sprouty, and others [158,159,160,161,162,163,164,165,166]. However, the biological function, molecular regulation, substrate specificity, and targeting mechanism of SIAH E3 ligases in the context of constitutive K-RAS activation remains to be characterized in pancreatic cancer. The questions of how SIAH selectively interacts with its binding partners and degrades these substrates in response to oncogenic K-RAS activation, and how SIAH and newly identified SIAH substrates promote and facilitate oncogenic K-RAS-driven tumorigenesis and metastasis, remain to be elucidated in cancer biology.



Supported by extensive genetic studies of the RAS signal transduction pathway in Drosophila, its high degree of evolutionary conservation, and its strategic position as the most downstream signaling gatekeeper in the oncogenic K-RAS signaling pathway, SIAH is uniquely positioned to become the next generation anti-K-RAS drug target in pancreatic cancer (Figure 1 and Figure 2B). Our preclinical studies have demonstrated that SIAH-dependent proteolysis is a key tumor vulnerability and an “Achilles’ heel” for oncogenic K-RAS-driven high-grade and malignant tumors [72,134,135]. SIAH-insufficiency blocks oncogenic K-RAS signal transduction, and impedes pancreatic tumor formation in xenograft models [134]. Furthermore, SIAH expression in tumor cells reflects RAS pathway activation and tumor growth, whereas loss of SIAH expression in tumor cells reflects RAS pathway inactivation and tumor regression [134,135]. The clinical utility of SIAH as a therapy-responsive, prognostic and predictive biomarker has shown some promising potential in breast cancer in a retrospective pilot study [167,168]. Extensive clinical validation of the prognostic value of SIAH is still needed in high-risk and high-grade human cancer. Thus, developing an innovative anti-SIAH-based anti-K-RAS strategy will reveal novel SIAH pathway biomarker(s) as well as logical and potent SIAH-centered drug target(s) to eradicate and control pancreatic cancer in the future (Figure 2B).




6.4. SIAH Is Extraordinarily and Evolutionarily Conserved in Metazoa


By conducting phylogenetic analyses, we found that invertebrate SINA and vertebrate SIAH E3 ligases share an extraordinary degree of amino acid identity [73]. In this medically important gene family with its four highly conserved functional domains, SINA/SIAH has emerged as an extraordinarily conserved key signaling gatekeeper identified in the canonical EGFR/RAS/RAF/MEK/MAPK signal transduction cascade [73,169]. Phylogenetic analysis of this important group of RING domain SIAH E3 ligases has revealed many immutable amino acid residues and four critical functional domains that are highly conserved among all metazoan species (Figure 3). Thus, supported by strong evidence in developmental, evolutionary, and cancer biology, this phylogenetic analysis underscores the importance of evolution-based investigations in the conceptual design of logical and durable therapeutic strategies against the heretofore “undruggable” oncogenic K-RAS-driven pancreatic cancer [73].



Here we conducted phylogenetic analyses to align the amino acid sequences, identify the conserved structural motifs, and compare functional topology of invertebrate SINA, vertebrate SIAH1, and vertebrate SIAH2 proteins. We primarily focused on humans and ten model organisms commonly used in scientific investigations. Sequence homology analysis shows that the four distinct functional domains—the RING, SZF, SBS, and DIMER domains—exhibit an extraordinarily high degree of evolutionary conservation in vertebrate SIAH1, vertebrate SIAH2, and Drosophila SINA (Figure 3). All eight metal-coordinating cysteine (Cys) and histidine (His) residues are immutable amino acids in both the RING and SZF domains of these SIAH1/SIAH2/SINA proteins. Vertebrate SIAH2 has a unique N-terminal fragment that is longer than that of vertebrate SIAH1 (Figure 3). Despite this diverse N-terminal extension, the core consensus sequences of SIAH1 (amino acid #41-#282) and SIAH2 (amino acids #80-#324) share an extraordinarily high level of amino acid identity as shown in the protein alignment from 11 model species (Figure 3) [73].



This phylogenetic evidence provides an intellectual framework and a novel evolutionary perspective with which we can identify and dissect the invariant and divergent amino acid residues in the highly conserved functional domains of metazoan SINA/SIAH proteins that are required for their critical functions in transmitting the active RAS signal in human cancer. This is clinically relevant in the context of the SIAH1/2 gatekeeper function, as well as being a signaling bottleneck critical for oncogenic K-RAS activation, and a major tumor vulnerability in oncogenic K-RAS-driven human cancer [72,134,135]. The extraordinary degree of SINA/SIAH amino acid conservation is likely to provide invaluable insights into the design of next-generation SIAH-specific peptides and SIAH small molecule inhibitors as curative measures and durable therapeutics to control largely “undruggable” oncogenic K-RAS hyperactivation in PDAC. By following this line of SIAH-centered drug discovery and research investigation, we aim to design novel anti-SIAH strategies to target the major signaling hubs in the oncogenic K-RAS pathway, and develop innovative and curative measures to eradicate oncogenic K-RAS-driven malignant PDAC in the future.




6.5. SIAH Is a Tumor-Specific Biomarker in Human Pancreatic Cancer


Using anti-SIAH monoclonal antibodies (mAb), we examined the expression of SIAH in pancreatic intraepithelial neoplasias (PanIN) and pancreatic ductal adenocarcinoma (PDAC) [170]. Immunohistochemical (IHC) staining revealed that SIAH is expressed exclusively in proliferating tumor cells, while it is completely absent in the normal pancreas and nonmalignant TME cells (Figure 4). SIAH expression was predominantly nuclear and it increased with increased tumor grade and pathological stage (Figure 4). In comparison to several known biomarkers in the RAS signaling pathway, SIAH is a robust and tumor-specific biomarker that specifically decorates cycling pancreatic tumor cells. In contrast, there is a lack of consistency in tumor-specific staining of two main RAS pathway biomarkers: phospho-ERK sporadically decorated some tumor cells as well as some tumor-associated stromal cells, while EGFR decorated a small subset of PDAC tumor cells (Figure 4) [170].




6.6. A New Strategy of Anti-SIAH-Based Anti-K-RAS Therapy in Pancreatic Cancer


The central importance of aberrant K-RAS activation has been well established in human pancreatic cancer, where a vast majority of patients experience limited clinical options, rapid tumor relapse and metastasis, and largely dismal outcomes. Their need is urgent, and novel approaches to counteract activated K-RAS signals constitute important measures to reverse pancreatic tumorigenesis and metastasis. Instead of targeting an upstream signaling component such as EGFR/RAS/RAF/MEK, we propose to target the most downstream signaling module identified in the RAS pathway–the SIAH-dependent proteolytic machinery–a critical signaling gatekeeper required for K-RAS pathway signal transduction (Figure 1 and Figure 2). We have uncovered a logical, innovative, and effective strategy to shut down oncogenic K-RAS hyperactivation by attacking the most downstream signal transmission, SIAH, essential for proper K-RAS function. Further development of this evolution-based alternative anti-K-RAS approach for biomarker discovery and novel drug target validation is important for future clinical research. As an E3 ligase, SIAH should be druggable, as there are several successful precedents for developing small molecule inhibitors against the RING-domain and HECT-domain E3 ligases, including MDM2 (Nutlin-1, 2 and 3), APC, SCF-Skp2, and VHL [171,172,173,174,175,176,177,178,179,180,181,182]. Therefore, it is theoretically conceivable and practically plausible to screen for potent small molecule inhibitors against SIAH E3 ligases. If successful, the premise of developing specific SIAH inhibitors to control and eradicate human pancreatic cancer represents an exciting new area of cancer discovery.



In the past ten years, we have made crucial discoveries in uncovering the critical role of SIAH E3 ligase in the context of oncogenic K-RAS pathway activation that drives the genesis and progression of human pancreatic cancer. Our group in particular has previously made an important contribution in this area, as we were the first to present initial evidence demonstrating the importance of SIAH-dependent proteolysis in K-RAS-mediated tumorigenesis and metastasis in pancreatic cancer [134]. Our preclinical studies suggest that SIAH is a novel tumor-specific biomarker in human pancreatic cancer (Figure 4) [170]. As the most downstream and highly evolutionarily conserved signaling module, SIAH is ideally positioned to become the next-generation anti-K-RAS and anticancer drug target (Figure 1 and Figure 2). By inhibiting SIAH function, we have completely blocked tumorigenesis of MiaPaCa and Panc-1, two aggressive human PDAC cell lines, in athymic nude mice [134]. SIAH deficiency impairs K-RAS-mediated metastasis (extravasation) of human pancreatic cancer cells in xenograft models [183]. Our results have laid a solid foundation that clearly establishes an indispensable role of SIAH E3 ligases in oncogenic K-RAS signal transduction, neoplastic transformation, tumor growth and metastasis in human pancreatic cancer [134]. Supported by clear evidence from developmental, evolutionary, and cancer biology, the findings of these basic science studies have strong logic and high translational value to reshape the PDAC treatment landscape in the future. Conceptually, inhibiting SIAH function is an intuitive and logical way to inhibit oncogenic K-RAS activation and halt tumor growth and metastasis. It provides an alternative platform for the development of an oncogenic K-RAS signaling hub-centered and key PDAC tumor vulnerability-based intervention strategy for developing a logical “curative” therapeutic intervention in pancreatic cancer (Figure 2). Thus, SIAH is ideally positioned to emerge as a new, logical, phylomedicine-based therapeutic target against oncogenic K-RAS-driven malignant human cancers (Figure 1).





7. Future Perspectives


SIAH is ideally positioned to become a new therapeutic target for blocking constitutive K-RAS activation in pancreatic cancer [72,134]. We have successfully demonstrated that proper SIAH function is indispensable for oncogenic K-RAS signal transduction in human cancer [134,135]. A new anti-SIAH strategy will undoubtedly have an impact on oncogenic K-RAS signaling, pancreatic cancer biology, PDAC therapeutic intervention, and future drug development. Hence, advancing our understanding of SIAH in K-RAS signaling and, more importantly, exploring the potential of developing anti-SIAH inhibitors as anti-K-RAS and anti-PDAC agents may represent an exciting new area of cancer research.



Controlling and eradicating chemo-resistant, relapsed, and metastatic pancreatic cancer remains a major intellectual challenge and a pressing unmet need in science and medicine [79,82]. Supported by strong evidence in developmental and evolutionary biology, our group has demonstrated the efficacy of an alternative anticancer strategy by blocking the currently “undruggable” oncogenic K-RAS hyperactivation at its most downstream signaling gatekeeper, SIAH. We have demonstrated the irreversible effects of such a potent therapy in both in vitro and in vivo tumor models of oncogenic K-RAS-driven human pancreatic and lung cancer [134,135]. We and others have shown that anti-SIAH inhibitors were highly effective for diminishing oncogenic K-RAS/B-RAF activation and abolishing oncogenic K-RAS/B-RAF-driven tumorigenesis in xenograft models [134,135,156,184]. Phylogenetic analysis of this medicinally important family of SIAH RING-domain E3 ligases has shown us the evolutionary conservation and mutational constraints of invariant and divergent amino acid residues, as well as the 4 highly conserved functional domains in this metazoan SINA/SIAH family (Figure 3) [73]. This result provides a unique evolutionary, developmental, and cancer biology perspective supporting our central hypothesis that SIAH is a key signaling vulnerability in the oncogenic K-RAS pathway that is ripe for designing new anti-SIAH-based clinical interventions to shutdown oncogenic K-RAS-driven PDAC (Figure 1 and Figure 2). Similar to other E3 ligases with specific and potent inhibitors, SIAH E3 ligase should be druggable; as such, this anti-SIAH-based anti-K-RAS approach should have high impact and clear merit for rapid clinical translation.



Oncogenic K-RAS mutations are detected in about 95% of pancreatic cancers [84]. While a great deal of research has been done on K-RAS activation and RAS biology, there have only been a limited number of investigations to study SIAH biology, substrate selection, and targeting mechanisms. Thus, developing anti-SIAH-centered therapeutic strategies to achieve curative measures against oncogenic K-RAS-driven malignant cancer remains a relatively untapped and fertile area of research [72,134,135]. We found that SIAH expression is indicative of oncogenic K-RAS pathway activation and tumor progression, whereas the loss of SIAH expression is associated with K-RAS pathway inactivation and tumor regression [134,135,168,170]. Thus, focusing on this tumor-driving oncogenic K-RAS/SIAH pathway is a logical next step for not only clinically relevant biomarker discovery, but also for future development of new SIAH-centered anticancer therapies against oncogenic K-RAS driven pancreatic cancer. In the future, our K-RAS/SIAH pathway-centered biomarker discovery program may be used to stratify patients, identify chemo-refractory tumors, quantify tumor response and chemo-efficacy, forecast tumor relapse, and predict patient survival in resectable pancreatic cancer post-neoadjuvant chemotherapies in the clinic.



The field of oncogenic K-RAS biology and anti-K-RAS therapy is in desperate need of new breakthrough ideas, and curative measures to control and eradicate oncogenic K-RAS-driven pancreatic cancer [1,2,3,6,35]. SIAH-deficient oncogenic K-RAS-driven human cancer cells do not develop latent-phase tumor relapse in xenograft models, suggesting that such an anti-K-RAS blockade may be irreversible [134,135]. With our proposed new strategy of targeting SIAH E3 ligases–the most downstream signaling gatekeeper and critical signaling bottleneck in the oncogenic K-RAS signaling pathway, we may be in a position to overcome drug design obstacles such as compensatory pathway activation, cross talk, extensive signaling bifurcation, and dynamic feedback and feed-forward controls that are commonly observed in the K-RAS-driven tumors. Thus, our discovery of the role of SIAH in oncogenic K-RAS signal transduction in human pancreatic cancer represents a crucial conceptual innovation in the field of oncogenic K-RAS signaling and PDAC tumor biology (Figure 1 and Figure 2). As conventional standard therapies for high-grade and metastatic PDAC have proven largely ineffective, innovative approaches to block K-RAS activation by inhibiting SIAH enzymatic function may offer a viable alternative to provide tangible clinical benefits to more PDAC patients. Improving these irreversible and durable therapies may potentially lead to better tumor targeting and increased survival. In conclusion, we have proposed a new strategy to control “undruggable” K-RAS hyperactivation by targeting SIAH, a critical K-RAS signaling gatekeeper and a major tumor vulnerability in pancreatic cancer. By conducting chemical library screening in collaboration with our partners, we hope to find specific anti-SIAH molecules, as well as design SIAH peptides/small molecule inhibitors/proteolysis-deficient mutant SIAH (SIAHPD) as an alternative strategy to shut down oncogenic K-RAS hyperactivation, and abolish oncogenic K-RAS-driven tumorigenesis in preclinical and clinical models in the future. By simultaneously inhibiting active EGFR/RAS signaling at the upstream (EGFR), midstream (RAS/RAF/MEK/MAPK/AKT/mTOR) and downstream signaling modules (SIAH), these multipronged anti-K-RAS-centered combination therapies will work in tandem with chemo-, radiation, and other targeted therapies to increase the OS and PFS for pancreatic cancer patients who are in a desperate need of new curative therapies now and in the future.
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	the dimerization domain



	EGFR
	epidermal growth factor receptor



	ERK
	Extracellular signal-Regulated Kinase



	ETS
	E-Twenty-Six



	FTI
	farnesyltransferase inhibitors



	HER2
	human epidermal growth factor receptor 2



	HHMI
	Howard Hughes Medical Institute



	IHC
	Immunohistochemical



	MAPK
	Mitogen-Activated Protein Kinase



	MEK
	Mitogen-Activated Protein Kinase kinase
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	Pancreatic Cancer Action Network



	PanIN
	pancreatic intraepithelial neoplasias



	PDAC
	pancreatic ductal adenocarcinoma



	PDEδ
	phosphodiesterase δ



	PDX
	patient-derived xenograft



	PFS
	progression free survival



	RAF
	RAF serine/threonine kinase



	RAS
	rat sarcoma viral oncogene



	RING
	Really Interesting New Gene



	RTK
	Receptor Tyrosine Kinase



	SBD
	substrate-binding domain



	SBS
	substrate-binding site



	SEV
	Sevenless receptor, the Drosophila homolog of mammalian EGFR membrane receptor



	SIAH
	Seven-In-Absentia Homolog



	SINA
	Seven-In-Absentia



	SOC
	standard of care



	SOS
	Son of Sevenless



	SZF
	SIAH-type zinc finger



	TME
	Tumor Microenvironment
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Figure 1. SIAH is the most downstream signaling gatekeeper and a key signaling bottleneck in the RAS signaling pathway. This schematic illustration highlights the critical role of SIAH, a key signaling bottleneck and the most downstream signaling gatekeeper, whose function is indispensable for proper RAS signal transduction. Oncogenic K-RAS pathway activation is known to exhibit immense signaling plasticity, heterogeneity, complexity, and spatio–temporal context- dependence in vitro and in vivo. A systemic view of the multifaceted RAS signaling network activation is depicted as an elastic signaling “funnel” that is highly flexible, adaptive, and constantly changing, and rapidly evolving. This signaling funnel depicts the dynamic regulation of a multitude of compensatory pathway activation, cross talk, signaling bifurcation, feed-forward and/or feedback control mechanisms that are commonly observed in response to oncogenic K-RAS pathway activation in a cancer cell signaling network. As active RAS signals propagate down the EGFR/RAS/RAF/MEK/ERK signal transduction cascade, SIAH constitutes the most downstream signaling hub. Its critical biological function is indispensable for controlling the active EGFR/RAS/RAF/MEK/ERK/ETS signaling output and readout in normal development as well as in K-RAS-driven oncogenesis. Supported by key insights and molecular principles gleaned from developmental, evolutionary and cancer biology, it is not surprising to find that mammalian SIAH serves as an important signaling gatekeeper and critical signaling bottleneck in the oncogenic K-RAS signaling pathway in human cancers. As such, SIAH is a major PDAC tumor vulnerability that is ideally positioned to become a next-generation viable and logical anti-K-RAS drug target in oncogenic K-RAS-driven human cancers. 
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Figure 2. SIAH-dependent proteolysis is essential for K-RAS signal transduction in human pancreatic cancer. This schematic diagram shows that the RAS signaling pathway is highly conserved from fruit flies to humans. (A) A schematic illustration of the Drosophila RAS signal transduction pathway is shown. SINA is the most downstream signaling gatekeeper identified in the Drosophila RAS pathway, and its function is required for the proper transmission of active EGFR/RAS/RAF/MEK/MAPK/ETS signal in vivo; (B) A schematic illustration of the human RAS signal transduction pathway is shown. The human RAS pathway has an identical signaling cascade and the same key downstream signaling modules as discovered in Drosophila. The extensive evolutionary conservation observed in the RAS-SIAH signaling axis suggests that the gatekeeper function of SINA/SIAH is likely to be conserved from invertebrates to vertebrate animals. Therefore, analogous to Drosophila SINA, inhibiting human SIAH function may provide a novel and innovative means to inhibit oncogenic K-RAS-mediated tumorigenesis and metastasis in pancreatic cancer. 
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Figure 3. SIAH E3 ligases are highly evolutionarily conserved as shown by the extraordinary number of invariant amino acids in the sequences and four highly conserved functional domains (RING, SZF, SBS, and DIMER). The SIAH1 and SIAH2 sequences are compared and a large number of invariant amino acids are identified among the 11 most commonly used model species. These include ten vertebrate species–human, chimpanzee, baboon, macaque, pig, rat, mouse, chicken, frog, and zebra fish; and one invertebrate species–Drosophila melanogaster. MAFFT alignment of SIAH1 and SIAH2 amongst these model species reveals the extraordinarily high degree of evolutionary conservation in these SIAH1 and SIAH2 E3 ligases amongst vertebrate species. Furthermore, Drosophila SINA is also included in the vertebrate SIAH1 alignment, and the results show that even in invertebrate species, the SBS motif is identical, and the remaining functional domains of the SIAH family share an extraordinarily high degree of amino acid identity and/or similarity across the entire metazoan kingdom [73]. 
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Figure 4. SIAH is a new tumor-specific biomarker in human pancreatic tumors. Representative images of the adjacent tumor areas that were serially sectioned and stained with H&E, SIAH, pERK and EGFR in pancreatic intraepithelial neoplasias (PanIN) and pancreatic ductal adenocarcinoma (PDAC) are shown. Note the specificity and clarity of SIAH staining in pancreatic tumor biospecimens. SIAH specifically decorates proliferating tumor cells in PanIN and PDAC. There is no SIAH staining in normal ductal epithelial cells, activated fibroblasts, infiltrating immune cells, and desmoplastic stromal tissues in the diseased pancreas. All the tumor images were captured under 400× magnification using a Leica DMR compound microscope. 
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