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Simple Summary


The Yes-associated protein (YAP) is part of a system that regulates cell proliferation in response to changes in cell–cell and cell–matrix interactions. In malignant tumors, that system is almost always disrupted in ways that promote the stability of YAP. Mutations in genes encoding Ras proteins are found in 30% of all human cancers, but the mechanisms by which these mutated proteins promote cancer are still incompletely understood. Here, we investigated the regulation of YAP stability by the Ras oncogenes and found that while Ras does not directly regulate YAP, the stability of YAP is directly controlled by one of Ras’s own effectors, the Rac1 GTPase, a small regulatory protein involved in controlling cell shape and migration. This regulation of YAP by Rac1 could potentially play an important role in the development of therapeutic resistance to Ras inhibitors, which we know can be promoted by the overexpression of YAP.




Abstract


Background: Oncogenic mutations in the KRAS gene are detected in >90% of pancreatic cancers (PC). In genetically engineered mouse models of PC, oncogenic KRAS drives the formation of precursor lesions and their progression to invasive PC. The Yes-associated Protein (YAP) is a transcriptional coactivator required for transformation by the RAS oncogenes and the development of PC. In Ras-driven tumors, YAP can also substitute for oncogenic KRAS to drive tumor survival after the repression of the oncogene. Ras oncoproteins exert their transforming properties through their downstream effectors, including the PI3K kinase, Rac1 GTPase, and MAPK pathways. Methods: To identify Ras effectors that regulate YAP, YAP levels were measured in PC cells exposed to inhibitors of oncogenic K-Ras and its effectors. Results: In PC cells, the inhibition of Rac1 leads to a time-dependent decline in YAP protein, which could be blocked by proteosome inhibitor MG132. This YAP degradation after Rac1 inhibition was observed in a range of cell lines using different Rac1 inhibitors, Rac1 siRNA, or expression of dominant negative Rac1T17N mutant. Several E3 ubiquitin ligases, including SCFβTrCP, regulate YAP protein stability. To be recognized by this ligase, the βTrCP degron of YAP (amino acid 383–388) requires its phosphorylation by casein kinase 1 at Ser384 and Ser387, but these events must first be primed by the phosphorylation of Ser381 by LATS1/2. Using Flag-tagged mutants of YAP, we show that YAP degradation after Rac1 inhibition requires the integrity of this degron and is blocked by the silencing of βTrCP1/2 and by the inhibition of casein kinase 1. Unexpectedly, YAP degradation after Rac1 inhibition was still observed after the silencing of LATS1/2 or in cells carrying a LATS1/2 double knockout. Conclusions: These results reveal Rac1 as an oncogenic KRAS effector that contributes to YAP stabilization in PC cells. They also show that this regulation of YAP by Rac1 requires the SCFβTrCP ligase but occurs independently of the LATS1/2 kinases.
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1. Introduction


Over 30% of all human tumors harbor activating mutations in an RAS gene, predominantly HRAS, KRAS, or NRAS. In pancreatic cancer (PC), activating mutations in KRAS are detected in up to 90% of cases, which makes it the prototypical Ras-driven cancer [1,2,3,4,5]. PC is an insidious disease that develops silently and is often detected when it is already too late after the disease has already spread to distant tissues. Surgical resection is the only curative treatment, but less than 20% of patients are eligible as most patients present with tumors that have already spread beyond the pancreas. In mouse models of Ras-driven PC, this propensity to invade can already be seen early in the development of the disease [6]. In these models, the pancreas-specific expression of oncogenic KRAS is combined with the loss of a tumor suppressor to drive the formation of pancreatic intraepithelial neoplasia (PanIN) lesions and their progression to PC [7,8,9,10,11]. Applying tag and track methods to these models revealed an early ability of pancreatic tumor cells to enter the bloodstream, even before tumors can be detected [6]. The KRAS oncogene itself may at least in part be responsible for this invasiveness, as the oncogene has long been studied for its impacts on cell proliferation, as well as cell migration [12,13,14]. Anchored at the plasma membrane, Ras proteins serve as molecular switches involved in transducing signals from growth factor receptors to downstream pathways in the cytoplasm and nucleus [12,15]. Ras transformation impacts the actin cytoskeleton and alters actomyosin contractility in manners that promote motility and cell migration [14]. Ras proteins can exist in either an inactive GDP-bound form or an active GTP-bound state, and the ratio between these forms is dictated by the activities of GEFs (guanine exchange factors) and GAPs (GTPase activating proteins), which are both themselves regulated by growth factor receptors [12,15,16]. Once in their GTP-bound state, Ras proteins can physically interact with their downstream effectors to alter their function. Because they fail to interact with GAPs, oncogenic Ras mutants remain in their active GTP-bound state, along with constitutive activation of their downstream effector pathways. Oncogenic Ras proteins exert their transforming activities through at least four of their effector pathways: MAPK pathway (mitogen-activated protein kinase), PI3K pathway (phosphoinositide 3-kinase), Ral-GDS (Ral guanine nucleotide dissociation stimulator), and Rac1 GTPase (Ras-related C3 botulinum toxin substrate 1). Among these effectors, Rac1 GTPase is known to play a central role in cell migration, which could partly be responsible for the increased propensity of Ras-transformed cells to migrate.



Like Ras proteins, Rac1 is a membrane-bound globular protein that belongs to the GTPase family of enzymes [17]. Like Ras, Rac1 is activated by GEFs that load it with GTP in place of the GDP. As it turns out, two of the GEFs stimulating Rac1, Tiam1, and PREX1 are themselves activated by oncogenic Ras signaling [18,19,20,21]. Tiam1 possesses a Ras-binding domain (RBD) and interacts directly with GTP-bound Ras to become active. PREX1 instead possesses a Pleckstrin Homology domain, which allows it to be activated by PIP3 molecules, such as those produced by PI3K in response to GTP-bound Ras. Once bound to GTP, Rac1 interacts with its downstream effectors, many of which are involved in cell migration and pinocytosis [22,23,24,25]. During cell migration, GTP-bound Rac1 accumulates at the leading edge of lamellipodia, where it recruits the WAVE and ARP2/3 complexes to promote actin polymerization and lamellipodia formation. Activated mutants of Rac1, even more so than Ras oncogenes, promote cell motility and migration [25,26,27]. In line with its role as a downstream effector of Ras, Rac1 is required for transformation by the Ras oncogenes [28,29], as well as for the development of Ras-driven PC in mouse models [30,31]. In these models, knocking out the RAC1 gene in the pancreas blocks acinar to ductal metaplasia (ADM) and delays the formation of PanIN lesions [31]. In this model, ADM is an early manifestation of Ras-driven tumorigenesis. In PC cell lines, levels of Rac1 and GTP-bound Rac1 are elevated compared to normal cells and tissues [32,33]. This increased activation of Rac1 likely contributes to the propensity of Ras-driven PC cells to migrate and invade.



A second pathway contributing to the invasiveness and metastasis of PC tumor cells is the Hippo/YAP pathway, one that was first described as controlling organ size during development [34,35]. The Hippo/YAP pathway plays a central role in mechanotransduction. The pathway responds to alterations in cell–cell and cell–matrix interactions. It converts these signals to changes in the function of YAP (Yes-associated protein) and TAZ (Transcriptional coactivator with PDZ-binding motif) [34,35,36,37,38,39]. Acting as transcriptional coactivators, YAP and TAZ heterodimerize with the TEAD (transcriptional enhanced associate domain) transcription factors to control the expression of genes involved in cell division, cell cycle control, and the self-renewal of stem cells [40,41,42]. The Hippo pathway also includes the LATS1 and LATS2 kinases and their upstream activators, the MST1 and MST2 kinases. Under high cell density conditions, LATS1/2 phosphorylates YAP at multiple sites, including serines S127 and S381. Phosphorylation at S127 creates a 14-3-3 binding site that sequesters YAP in the cytoplasm to block its function. Phosphorylation at S381 instead triggers the polyubiquitination and proteasomal degradation of YAP, a process mediated by the SCFβTrCP E3 ubiquitin ligase [43]. YAP recognition by this ligase requires the phosphorylation of serines S384 and S387 located in the βTrCP degron of YAP (aa 383–387). These events are mediated by casein kinase 1 (CK1) but require the prior phosphorylation of serine S381 by LATS1/2 to provide a priming site for CK1 [43]. The Hippo pathway receives signals from the plasma membrane, actin cytoskeleton, and junctional complex, and these signals converge to ultimately control the LATS1/2 kinases and the function of YAP and TAZ. In primary cells, YAP overexpression suffices to overcome contact inhibition and allow anchorage-independent growth [35,44], which are two hallmarks of Ras-transformed cells. YAP is overexpressed in a wide range of malignancies, including Ras-driven PC, where its level correlates with liver metastasis and poor prognosis [45]. Like Rac1 [28,29], YAP is required for the transformation of primary cells by the Ras oncogenes [46]. Similar to Rac1 [30,31], YAP is also required for the development of tumors in mouse models of KRAS-driven PC [47].



Ras-driven tumors tend to become addicted to their Ras oncogene, to the extent that its subsequent repression leads to necrosis, apoptosis, and tumor regression. In mouse models of KRAS-driven PC, only a small fraction of tumors survives the repression of the oncogene [46,48,49]. In these reemerging tumors, YAP was amplified and overexpressed and YAP was needed for tumor growth in the absence of Ras. These and other studies have raised the interesting possibility that YAP might be acting downstream of oncogenic Ras as a secondary effector, one that can take over if Ras is repressed. Kolch and others have described cross-talks between the Hippo/YAP and Ras pathways and a regulation of YAP by Ras that was complex and context-dependent [36,37,50,51,52,53,54,55]. In particular, the impacts of Ras on YAP depended on the differential activation kinetics of wild-type and oncogenic K-Ras [37,54,55,56,57,58]. The epidermal growth factor (EGF) stimulation of wild-type Ras led to the AKT phosphorylation and inhibition of MST2, resulting in YAP stabilization and activation. EGF stimulation could also induce the phosphorylation of the Ajuba family protein WTIP, causing it to inhibit LATS1/2 and further stabilize YAP. In stark contrast, the chronic expression of oncogenic KRAS led to the RASSF1A-dependent activation of the MST2-LATS1 complex, resulting in decreased YAP function. Perhaps because of this negative regulation, YAP was reportedly not induced by oncogenic Ras in a mouse model of KRAS-driven lung cancer, even though it was still required for tumor formation [53]. However, in PC tumors, the wild-type and oncogenic K-Ras proteins appear to have opposite effects on Hippo/YAP signaling pathway. In PC tumors harboring only one KRAS mutant allele, the loss of the remaining allele accelerates disease progression and is accompanied by an increase in YAP function [59]. In this model, expression of wild-type KRAS led to S127-phosphorylation and inhibition of YAP function [59].



In this article, to better understand the regulation of YAP by oncogenic Ras and its effectors, we have exposed PC cells to inhibitors of the oncogenic K-Ras protein and inhibitors of three of its effector pathways (MAPK, PI3K, Rac1). Our results show that while YAP levels were mostly unaffected by the inhibition of oncogenic K-Ras, YAP was rapidly degraded after the inhibition of either the Rac1 GTPase or MAPK pathway. Conversely, YAP levels were increased in normal pancreatic cells by the expression of an activated mutant of Rac1. When triggered by Rac1 inhibition, YAP degradation necessitated the SCFβTrCP ligase and βTrCP degron of YAP but did not require the LATS1/2 kinases. These results highlight the role of Rac1 as an upstream regulator of YAP and point to a novel Hippo-independent regulation of YAP by Rac1. The potential mechanisms involved and the implications of these findings for PC therapy are discussed.




2. Materials and Methods


2.1. Materials


Fetal bovine serum (FBS) was purchased from Atlas Biologicals (Fort Collins, CO, USA). Gentamycin, Penicillin/Streptomycin, Dulbecco’s modified Eagle’s medium (DMEM), Hygromycin B, Zeocin, and recombinant human EGF were purchased from ThermoFisher Scientific (Waltham, MA, USA). Medium M3 (cat# M3:BaseF) was from InCell Corp. (San Antonio, TX, USA). The mammalian proteases inhibitor cocktail was from Sigma–Aldrich (Saint Louis, MO, USA), and the MBS mammalian transfection kit was from Agilent (Santa Clara, CA, USA). EHT-1864, NSC23766, U0126, LY294002, MRTX1133, Ehop-016, IPA-3, FRAX597, and IC-261 were obtained from Selleck Chemicals (Houston, TX, USA). MG132 was purchased from Enzo Life Sciences (Farmingdale, NY, USA), dissolved in DMSO, and stored at −80 °C. All other chemicals were obtained from Fisher Scientific (Pittsburgh, PA, USA).




2.2. Cell Lines


hTERT-HPNE cells (hereby referred to as HPNE cells) and the same expressing HPV16 E6 and E7 proteins (HPNE/E6/E7 cells) were previously developed by us [60,61,62,63]. HPNE/E6/E7 cells modified to express the SV40 small t antigen and/or oncogenic K-RasG12D were also developed by us [60,61]. The AsPC1, HPAF/CD18, L3.6pl, Panc1, Hs766t, and BxPC3 cell lines used were authenticated by STR profiling performed by Genetica, LabCorp (Burlington, NC). Except for the HPNE, HPNE/E6/E7, and BxPC3 cells, all cell lines were cultivated in DMEM media supplemented with 10% Fetal Bovine Serum (FBS) and 50 μg/mL gentamycin. BxPC3 cells were cultivated in RPMI media supplemented with 10% FBS and 50 μg/mL gentamycin. All cell lines were cultivated at 37 °C in a humidified atmosphere containing 5% CO2. HPNE cells and their derivatives were cultivated in medium D, as before [62].




2.3. Drug Treatments


In a panel of human cell lines expressing K-RasG12D, MRTX1133 has been reported to inhibit ERK phosphorylation with IC50 values ranging from 1 to 10 nM [64]. In our experiments, we exposed CD18/HPAF cells to 50 nM MRTX1133. In cells exposed to LY294002, the drug inhibited the kinase activity of P13K with an IC50 of 1.5 μM, as originally reported [65]. In our experiments, we have used LY294002 at a concentration of 20 μM. In NF2-deficient meningioma, where it was first characterized, FRAX597 inhibited cell proliferation with EC50 values ranging from 0.4 to 2.9 μM [66]. We used FRAX597 at a concentration of 5 μM. At 20 μM, IPA-3 could reportedly block the S192/S197 phosphorylation of PAK2 in human primary schwannoma cells [67]. In our experiments, IPA-3 was used at that same concentration of 20 μM. We have also used the Rac1 inhibitors NSC23766, EHT-1864, and Ehop-016 at their respective concentrations of 100 μM, 50 μM, and 20 μM, in accordance with the literature [68,69,70,71,72]. Accordingly, MEK1/2 inhibitor U0126 was used at a concentration of 50 μM, also based on the literature [73,74]. Finally, we also have treated cells with IC-261, an inhibitor of CK1δ and CK1ε [75]. The inhibitor was used at a concentration of 10 μM, in line with the published literature [76].




2.4. LATS1/2-KO Hela Cells


Using CRISPR/Cas9, HeLa cells were genetically modified to knock out their LATS1 and LATS2 loci. Cells were modified using plasmid pX330A_D10A-1 × 4 expressing the D10A mutant of Cas9, which possesses nickase activity. This plasmid system allows for the simultaneous co-expression of up to 7 different guide RNAs [77]. The plasmid was further modified to add the sequence of the green fluorescent protein in frame with the Cas9 open reading frame. The system was used in conjunction with the following four pairs of guide sequences targeting LATS1 and LATS2: 5′-CACCGACGCATCATAAAGCCTTGC-3′/5′-AAACGCAAGGCTTTATGATGCGTC-3′ (LATS1 exon 2, nick 1); 5′-CACCGTCTGACTTGTCGAGGATCTT-3′/5′-AAACAAGATCCTCGACAAGTCAGAC-3′ (LATS1 exon 2, nick 2); 5′-CACCGACTGCAAGAGATTCGTGAG-3′/5′-AAACCTCACGAATCTCTTGCAGTC-3′ (LATS2 exon 2, nick 1); and 5′-CACCGTTTCCAGAATAAGTCGTGGC-3′/5′-AAACGCCACGACTTATTCTGGAAAC-3′ (LATS2 exon 2, nick 2). The final DNA construct was transiently transfected into HeLa cells and GFP-positive clones were selected 48 h post-transfection by flow cytometry-based cell sorting. Single-cell clones were subsequently screened using western blotting analysis.




2.5. siRNA Knockdowns


Cells were reverse transfected with siRNA using DharmaFECT 1 (cat# T-2001) or DharmaFECT 3 (T-2003) according to the manufacturer’s instructions (Dharmacon, Lafayette, CO, USA). Two days later, cells were examined for expression of the knocked-down targets (Rac1, βTrCP1, βTrCP2, LATS1, LATS2, and Skp1) and for differences in YAP levels and response to Rac1 inhibition. ON-TARGETplus siRNA was purchased from Dharmacon (Lafayette, CO, USA), including the non-targeting control pool (cat# D-001810-10) and SMARTpools against human Rac1 (cat# L-003560-00), SKP1 (cat# L-003323-00), BTRC (i.e., βTrCP1; cat# L-003463-00), FBXW11 (i.e., βTrCP2; cat# L-003490-00), LATS1 (cat# L-004632-00), or LATS2 (cat# L-003865-00).




2.6. Adenoviral Vectors and Adenoviral Infections


Recombinant adenovirus N17Rac1 (Ad.N17Rac1) and control adenovirus dl312 (Ad.CTR) were kindly provided by Dr. Toren Finkel (NIH, Bethesda, MD, USA). In Ad.N17Rac1, the Rac1 cDNA contains a Ser to Asp substitution at position 17 and functions as a dominant negative mutant [78]. For 24 h, log-phase HPNE and HPNE/E6/E7 cells were exposed to either the Ad.N17Rac1 or Ad.CTR viruses at 50 pfu/cell, as described previously [79]. After 16 h, cells were given fresh medium D and cultivated until the next day before being photographed and harvested for analysis.




2.7. Retroviral Vectors


Retroviruses made from vectors pLXSH-Flag-YAP(wt) and pLXSH-Flag-YAP(5SA) were used to infect Panc1 cells to make them express the wild-type Flag-YAP protein and its 5SA mutant, respectively. The two vectors were made by insertion of an Sal1/Bgl2-digested PCR product into the Xho1/BamH1 sites of vector pLXSH carrying Hygromycin resistance. PCR products encoding Flag-tagged YAP and its 5SA mutant were respectively amplified from vectors p2xFlag CMV2-YAP2 (a gift from Marius Sudol’s lab; purchased from Addgene cat# 19045) and pCMV2-flag YAP2 5SA (a gift from Kunliang Guan’s lab; purchased from Addgene cat# 27371) using the same forward (5′-GTACGCGTCGACAGTGAACCGTCAGAATTGATCTA-3′; Sal1 site underlined) and reverse (5′-CATGGAAGATCTCTATAACCATGTAAGAAAGCTT-3′; Bgl2 site underlined) primers. The amino acid sequence of the 5SA mutant differs from that of wild-type YAP by the presence of mutations in all of its LATS1/2 phosphorylation sites (S61A, S109A, S127A, S128A, S131A, S163A, S164A, and S381A). Retroviral vector pBabeBleo-Flag-BRAF(V600E) expressing the BRAF oncogene along with Zeocin resistance, a gift from Christopher Counter’s lab [80], was purchased from Addgene (cat# 53156; Watertown, MA, USA). Retroviral vector pLXSH-myc-Rac1(G12V) was made by site-directed mutagenesis of plasmid pLXSH-myc-Rac1(wt) encoding a myc-tagged version of human Rac1, which we describe below. The mutation was introduced using the QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA) with oligonucleotides 5′-GTGGTGGTGGGAGACGTAGCTGTAGGTAAAAC-3′ and 5′-GTTTTACCTACAGC-TACGTCTCCCACCACCAC-3′ (codon 12 underlined). Retroviral vector pLXSH-myc-Rac1(wt) was made by the insertion of a Msc1/Xho1-digested PCR product into the Hpa1/Xho1 sites of pLXSH. The PCR product encoding myc-tagged Rac1 had been amplified from vector pRK5-myc-Rac1-wt (a gift from Gary Bokoch’s lab; purchased from Addgene cat# 12985) using forward primer 5′-TGGAAGATCTGGCCACCATGGAGCA-GAAG-3′ (Msc1 site underlined) and reverse primer 5′-TGGCCTCGAGATAAACAAGTTGGGCCATGGC-3′ (Xho1 site underlined). All vectors were validated by the Sanger sequencing of their open reading frame from both directions.




2.8. Site-Directed Mutagenesis of pLXSH-Flag-YAP(wt)


The D383A/S384A, S351A/P352A, and S384A mutants of Flag-YAP were produced by site-directed mutagenesis of plasmid pLXSH-Flag-YAP(wt) described above. Mutations were introduced using the QuikChange Site-Directed Mutagenesis Kit following the manufacturer’s instruction (Agilent, Santa Clara, CA, USA). The following oligonucleotides were used to respectively create the D383A/S384A mutation (5′-GAGATGAGAGTACAGCCGCTGGACTAAGCATGAG-3′ and 5′-CTCATGCTTAGTCCAGCGGCTGTAC-TCTCATCTC-3′; Codons 383/384 underlined), S351A/P352A mutation (5′-CAAAATCCAGTGTCTGCTGCCGGGATGTCTCAGG-3′ and 5′-CCTGAGACATCCCGGCAGCAGACACTGGATTTTG-3′; Codons 351/352 underlined), and S384A mutation (5′-GATGAGAGTACAGACGCTGGACTAAGCATGAG-3′ and mut-S384A-R 5′-CTCATGCTTAGTCCAGCGTCTGTACTCTCATC-3′; codon 384 underlined). All vectors were validated by the Sanger sequencing of their open reading frame from both directions.




2.9. Retroviral Production and Transductions


Retroviral particles were produced in Phoenix-AMPHO cells (CRL-3213; ATCC, Manassas, VA, USA) transiently transfected with the different retroviral vectors using the MBS mammalian transfection kit (Agilent, Santa Clara, CA, USA). Viral supernatants were produced in medium D (to infect the HPNE lines) or in DMEM supplemented with 10% FBS (to infect Panc1 cells). Supernatants were cleared through 0.45 μm filters, supplemented with 4 ug/mL polybrene, and stored frozen at −80 °C. In 6-well plates, exponentially growing HPNE and HPNE/E6/E7 cells were trice transduced with 2 mL of viral supernatant each time from the pLXSH, pLXSH-Flag-YAP(wt), or else pBabeBleo-Flag-BRAF(V600E) vector. Infected cells were selected for viral integration using either 200 μg/mL Hygromycin B (for the pLXSH-derived vectors) or else 50 μg/mL Zeocin (for the pBabeBleo vector). After 10 days of selection, cells were monitored for differences in proliferation rates, and cells were set aside for western blot analysis and for quantification of SA-β-galactosidase activity. A similar approach was employed to establish the Panc1 cell lines expressing the different Flag-YAP proteins (wild-type, D383A/S384A, S351A/P352A, and S384A) or empty vector (pLXSH), again using Hygromycin 200 μg/mL to select for viral integration.




2.10. SA-β-galactosidase Activity


Cells were stained for the presence of SA-β-galactosidase activity as we have previously carried out [81].




2.11. Western Blot Analysis


Western blot analyses were performed as previously described [82]. Briefly, cells plated in 35 mm dishes and treated with different drugs or siRNA were recovered in 200 µL of Laemmli buffer, denatured (95 °C × 5 min), and stored at −20 °C. Samples were separated by SDS-PAGE on 4–20% polyacrylamide gels (Bio-Rad, Hercules, CA, USA). Equal volumes of samples were loaded per lane or else proteins were quantified using the RC DCTM protein assay kit (Bio-Rad, Hercules, CA, USA), and equal amounts of proteins were loaded (100 µg/lane). Antibodies against GAPDH (cat# sc-47724), β-actin (cat# sc-1616), ERK (cat# sc-154-G), p-ERK(T202/Y204)(cat# sc-7383), and KPM (i.e., LATS2; cat# sc-515579) were from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit monoclonal antibodies against S127-phosphorylated YAP (clone D9W21; cat# 13008), S397-phosphorylated YAP (clone D1E7Y; cat# 13619), LATS1 (clone C66B5; cat# 3477), and p16 (clone D7C1M; cat# 80772) were from Cell Signaling Technology (Danvers, MA, USA). Also from Cell Signaling Technology were the polyclonal rabbit antibody against Skp1 (cat# 2156), mouse monoclonal antibodies against YAP (clone 1A12; cat# 12395), and the Myc tag (clone 9B11; cat# 2276). Mouse monoclonal antibody against Rac1 (clone 23A8; cat# 05-389) was from Millipore–Sigma (Saint Louis, MO, USA). The Flag-tagged proteins were detected using either the mouse monoclonal M2 antibody (cat# F1804; Millipore–Sigma, Saint Louis, MO, USA) or the rat monoclonal anti-DYKDDDDK antibody (cat# 200474; Agilent, Santa Clara, CA, USA). Secondary antibodies used were horseradish peroxidase-conjugated goat antibodies against mouse, rat, or rabbit IgG (Jackson ImmunoResearch; West Grove, PA, USA). Size markers used were the Precision Plus Protein™ Dual Color Standards (cat# 1610374) from Bio-Rad (Hercules, CA, USA). Densitometry readings of intensity signals were quantified with the help of the ImageJ program (Version 1.50i) (NIH; Bethesda, MD, USA).




2.12. Rac1 Pulldown Assay


GST-PAK1 pull-down assays to measure the level of GTP-bound Rac1 (Rac1-GTP) were performed as previously described [33]. HPAF/CD18 extracts were used as positive controls and the same extracts pre-incubated with GDP were used as negative controls.




2.13. Statistical Analysis


In Figure 2A, a Spearman’s rank correlation test was utilized to assess the association between Rac1 and YAP protein levels across a panel of eight pancreatic cell lines. The association was determined to be statistically significant with a Spearman’s correlation coefficient of 0.95238 and a p-value of 0.00026 (n = 8). In Figure 2C, to compare the three cell populations of each experiment, ANOVA was first used with a p-value of 0.05, followed by pairwise Student’s t-tests conducted according to the Bonferroni method. In both experiments, the percentage of senescent cells in the BRAFV600E-transfected cells was higher than in the other populations, and these differences were statistically significant (Student’s t-test; p < 0.001).





3. Results


3.1. YAP Levels in PC Cells Are Unaffected by the Inhibition of Oncogenic K-Ras


We tested the effects of inhibiting the G12D mutant of KRAS in the PC cell line carrying these mutants, including both HPAF/CD18 and Panc1 cells. For this purpose, we have exposed these cells to the G12D-specific inhibitor of oncogenic K-Ras MRTX1133 [64]. In HPAF/CD18 cells, MRTX1133 led to the rapid inhibition of MAPK signaling, within 4 h of exposure, as indicated by the loss of pERK (Figure 1A). However, levels of neither YAP nor S127-phosphorylated YAP were affected by the inhibition of oncogenic Ras, even after more than 36 h of exposure to MRTX1133 (Figure 1A; 10% FBS). To make sure that Ras signaling was completely inhibited, including from the wild-type Ras molecules, exposure to MRTX1133 was combined with serum starvation (Figure 1A; 0.3% FBS). Even under these conditions, MRTX1133 did not cause YAP levels to decline or otherwise be altered. Similar results were observed in Panc1 cells (Figure S1). In this line also, MTRX1133 treatment had little impact on levels of YAP or S127-phosphorylated YAP.



These results show that in PC cells, YAP levels are not directly regulated by the signaling activity of oncogenic K-Ras proteins.




3.2. YAP Levels Are Co-Regulated by the MAPK Pathway and Rac1 GTPase


The oncogenic K-Ras protein signals through at least three downstream effector pathways that play distinct roles in malignant transformation: MAPK, PI3K, and Rac1 pathways. To identify Ras effector pathways that regulate YAP levels in PC tumors expressing oncogenic K-RasG12D, HPAF/CD18 cells were exposed to inhibitors of the MAPK pathway (U0126), PI3K pathway (LY294002) [65,83], and Rac1 GTPase (EHT-1864) [68,69]. Also tested were inhibitors of the PAK1-3 kinases, which are known to serve as effectors of Rac1, including IPA-3 [67,84,85] and FRAX597 [66,86]. After 16 h of exposure, cells were analyzed for changes in YAP levels and S127-phosphorylated YAP (Figure 1B). Levels of both proteins were significantly reduced by both the U0126 and EHT-1864, but not inhibitors of the PI3K or PAK1-3 kinases. In dose–response experiments, EHT-1864 reduced levels of YAP with EC50 values (14 ± 4 μM; Figure S2) consistent with the reported literature for this drug [68].



The MAPK pathway has previously been reported to regulate YAP function and stability, with several mechanisms already proposed [37,54,55,56,57]. In contrast, very little had been published on the regulation of YAP by Rac1, aside from one study implicating the β1-integrin/Rac1 pathway in the regulation of YAP [87]. For this reason, we purposely focused the rest of our work on the regulation of YAP by Rac1. In follow-up experiments, we exposed additional PC cell lines to EHT-1864 and other structurally unrelated Rac1 inhibitors, including Ehop-016 [70] and NSC23766 [71,72]. As in the HPAF/CD18 cells, EHT-1864 also reduced YAP levels in L3.6pl (Figure 1C), AsPC1 (Figure 1D), and Panc1 cells (Figure 1E). In Panc1 cells, YAP levels were also reduced by Ehop-016 and NSC23766. HPNE cells are human primary pancreatic ductal cells immortalized by us using telomerase [62,63]. The cells have an intact karyotype and normal growth properties, and express wild-type K-Ras, p53, and p16 [61,63]. In these normal cells, YAP levels were also reduced by the same three Rac1 inhibitors (Figure 1F).



To further validate Rac1 as an upstream regulator of YAP, HPAF/CD18 cells were transfected with Rac1 siRNA and were infected with an adenoviral vector expressing Rac1T17N, a dominant negative mutant of Rac1 [78,88]. In Figure 1G, the siRNA-mediated knockdown of Rac1 led to a 55% decrease in YAP levels compared to the control cells transfected with a non-targeting siRNA. Similar results were observed in HPAF/CD18 cells infected with adenoviruses expressing Rac1T17N. As Figure 1H indicates, levels of both total YAP and S127-phosphorylated YAP were reduced by 65% after cells were infected with the Rac1T17N virus (Ad.N17Rac1) compared to the mock-infected cells or those infected with the control virus (Ad.CTR). The Rac1T17N mutant also had an impact on cell morphology, causing the cells to contract and ball up (Figure 1H; right panel). Taken together, these results show that YAP levels drop in human pancreatic cells when Rac1 signaling is disrupted by pharmacological (EHT-1864, NSC23766, Ehop-016) or biological (Rac1T17N, Rac1 siRNA) inhibitors of Rac1 signaling.




3.3. YAP and Rac1 Are Co-Expressed Across a Panel of Pancreatic Cell Lines


The YAP [47,89] and Rac1 [31,33,90,91] proteins were separately reported to be up-regulated in pancreatic cancer (PC) specimens. Here, we measured levels of YAP and Rac1 together across a small panel of PC cell lines and three different lots of normal HPNE cells. As Figure 2A shows, a positive correlation between YAP and Rac1 levels was observed across the panel. In a Spearman’s rank test, the association was determined to be statistically significant with a Spearman’s correlation coefficient of 0.95238 and a p-value of 0.00026 (n = 8). The lowest levels of Rac1 and YAP were detected in three independent lots of normal HPNE cells, and the highest levels were observed in the HPAF/CD18, AsPC1, Hs766t, and BxPC3 cell lines. Intermediary levels of the two proteins were seen in Panc1 cells, known to have reduced tumorigenicity among PC cell lines [92]. There was no correlation between the mutational status of KRAS and the levels of either Rac1 or YAP (Figure 2A; black versus blue circles).




3.4. Oncogenic Rac1 Up-Regulates YAP in Normal HPNE Cells


We and others have used HPNE cells as a system to study and reconstitute the early stages of pancreatic cancer development, in particular, the activation of KRAS [60,61,62,63,93,94]. In normal cells, such as HPNE cells, oncogenic KRAS expression triggers oncogene-induced senescence, an irreversible cell cycle arrest mediated by the p16/RB and p53/p21 pathways. Overcoming this response to allow transformation by Ras can be achieved with viral oncoproteins that block RB and p53, such as the E6 and E7 proteins of HPV16 [60,61]. Oncogene-induced senescence can be triggered by oncogenic mutants of KRAS [95], HRAS [96], NRAS [97], and BRAF [98], among others. To determine if senescence is also induced by activated mutants of Rac1 and to investigate the regulation of YAP by Rac1, HPNE cells and the same expressing E6/E7 (HPNE/E6/E7 cells) [60,61] were infected with retroviruses expressing Rac1G12V, an activated mutant of Rac1 [28]. Viruses carrying no insert or expressing an activated mutant of BRAF (BRAFV600E) [98] were, respectively, used as negative control and positive control for oncogene-induced senescence (OIS). After selection for viral integration (Figure 2B), cell populations were compared for differences in YAP levels (Figure 2D) and markers of senescence (Figure 2 2C,D). As expected, HPNE cells infected with the BRAF oncogene experienced OIS, as noted by their induction of SA-β-galactosidase activity (Figure 2C), enlargement/flattening (Figure 2C), and failure to divide. Unexpectedly, this BRAF-induced senescence could not be blocked by the E6 and E7 proteins and was still induced in the HPNE/E6/E7 cells (Figure 2C). No evidence of increased SA-β-galactosidase activity was noted in either cell lines after infection with the empty virus or the Rac1G12V virus. The selected cell populations were all subjected to western blot analysis, except for the BRAFV600E-infected HPNE cells which did not yield sufficient material. Overexpression of the myc-tagged Rac1G12V protein was detected with antibodies against Rac1 or the myc tag (Figure 2D). Expression of BRAFV600E was instead confirmed by its supra-physiological activation of the ERK1/2 kinases (pERK; Figure 2D). Levels of YAP and S127-phosphorylated YAP are low in HPNE cells and could barely be detected across the five samples, except for the HPNE/E6/E7 cells infected with the Rac1G12V virus, where 11-fold higher levels of YAP were detected (Figure 2D). We also monitored p16, a marker of OIS [96]. As expected, p16 was induced by the expression of the BRAF oncogene (Figure 2D), in line with the induction of SA-β-galactosidase by the oncogene (Figure 2C). Similar to BRAFV600E, expression of the Rac1G12V also resulted in the up-regulation of p16 (Figure 2D), albeit without the concomitant induction of SA-β-galactosidase (Figure 2C). In HPNE cells, expression of Rac1G12V did reduce proliferation rates but without causing the cells to become quiescent (0.79 ± 0.03 versus 1.95 ± 0.02 doublings/day; n = 3). In HPNE/E6/E7 cells, expression of Rac1G12V did the opposite and led to higher rates of proliferation (1.77 ± 0.04 versus 1.75 ± 0.04 doublings/day; n = 3). Thus, the activated Rac1 mutant can cooperate with the E6/E7 proteins to up-regulate YAP levels in HPNE cells, and it can do so without the induction of OIS.



In Figure 2E, we repeated these experiments with oncogenic K-RasG12D instead of the activated Rac1 mutant. For this purpose, we have measured the steady-state levels of YAP and S127-phosphorylated across a panel of HPNE cells expressing E6/E7 along with oncogenic K-RasG12D and/or the SV40 small t antigen. Among the four lines, only the HPNE/E6/E7/st/K-RasG12D are transformed and able to grow in soft and form tumors in mice [61]. Two pairs of HPNE cell derivatives were compared to reveal the impact of oncogenic KRAS on YAP levels. In the first pair, HPNE/E6/E7 cells were compared to the same but modified to express KrasG12D (HPNE/E6/E7 vs. HPNE/E6/E7/K-RasG12D cells). In the second pair, we instead compared the HPNE/E6/E7/st cells with the same but modified to express KrasG12D (HPNE/E6/E7/st vs. HPNE/E6/E7/st/K-RasG12D cells). A day prior to harvesting, the four lines cells were fed medium containing 0.3% fetal bovine serum to reduce endogenous wild-type Ras signaling so as to reveal the effects of constitutively activated K-RasG12D on YAP levels. In both pairs of cell lines, cells expressing K-RasG12D had total YAP levels that were approximately two-fold higher than their respective controls (Figure 2E). These higher levels of YAP were intermediary between those of the unmodified HPNE/E6/E7 cells and those of the HPAF/CD18 cells, also known to express the K-RasG12D protein. The SV40 small t antigen did not appear to affect YAP levels, given that its levels were the same between the E6/E7 and E6/E7/st cells, as well as between the E6/E7/K-RasG12D and E6/E7/st/K-RasG12D cells. Using a GST-PAK pulldown assay, we have measured the level of active GTP-bound Rac1 in the same four HPNE lines (Figure 2E; Rac1-GTP). In this assay, the GTP-bound Rac1 is selectively captured by the GST-PAK1 fusion proteins, so its level can be quantified using western blotting. In both the HPNE/E6/E7 and HPNE/E6/E7/st cells, the expression of oncogenic K-RasG12D led to six to eight-fold higher levels of active Rac1. These results show that in HPNE cells expressing E6/E7 or E6/E7/st, oncogenic K-RasG12D expression modestly increases the steady-state levels of YAP and S127-phosphorylated YAP. They also serve to validate Rac1 as a downstream effector of oncogenic K-RasG12D.




3.5. YAP Degradation After Rac1 Inhibition Requires the SCFβTrCP E3 Ubiquitin Ligase


YAP levels are principally regulated at the protein stability level by the ubiquitin-proteasome system (UPS) [43]. Figure 3A shows the time course of YAP protein decline in HPAF/CD18 cells treated with EHT-1864. YAP levels remain stable until two hours after EHT-1864 and then decline precipitously. To determine the involvement of UPS in this decline, cells were pre-treated with proteasome inhibitor MG132 prior to EHT-1864 exposure. As the results show, pre-treating HPAF/CD18 cells with MG132 could prevent the decline in YAP protein normally observed at 12 h after EHT-1864 (Figure 3B and Figure S3). These results show that the loss of YAP proteins observed after the inhibition of Rac1 is mediated by UPS and its 26S proteasome.



The YAP protein carries a phosphodegron recognized by the βTrCP1 and βTrCP2 proteins (Figure 3C; βTrCP degron) [43]. These proteins serve as substrate adaptors for an SCFβTrCP E3 ubiquitin ligase (Skp1-Cul1-F-box) that targets YAP for polyubiquitination and proteolysis [43]. This degron contains a DSGMS motif that must be phosphorylated at its two serine residues to be recognized by βTrCP1/2 (Figure 3C; βTrCP degron; S384 and S387 in green). This phosphorylation is accomplished by casein kinase 1 (CK1) but requires the prior phosphorylation of serine S381 by the LATS1/2 kinases (Figure 3C; βTrCP degron; S381 in red) [43]. This prior event, which represents the rate-limiting step, is needed to create a priming site for CK1 [43]. Through bioinformatic analysis, we also found a 351SPGMS355 motif with similarities to the degron of another E3 ubiquitin ligase, SCFFBXW7 (Figure 3C; FBXW7 degron). Its substrate adaptor, FBXW7, reportedly binds to a (S/T)Pxx(S/T/E/H) motif when its first serine/threonine residue is phosphorylated (underlined; x is any residue) [99]. To define the roles played by the SCFβTrCP and SCFFBXW7 ligases and the LATS1/2 kinases in the regulation of YAP by Rac1, PC cells were modified to express three different mutants of a Flag-tagged YAP protein. These mutants included the 5SA mutant of YAP designed to lack all of its LATS1/2 phosphorylation sites [44], among which was the S381 site that controls activation of the βTrCP degron. A second mutant, designed by us, was created to directly inactivate the βTrCP degron by changing its central DS motif to AA (D383A/S384A; Figure 3C), a change that blocks its recognition by the βTrCP1/2 proteins [43]. Finally, to inactivate the putative FBXW7 degron, its most conserved SP positions were changed to AA (S351A/P352A; Figure 3C). These three mutants were then compared to the wild-type Flag-YAP protein for differences in their respective responses to Rac1 inhibition.



Panc1 cells were infected with retroviruses expressing the different Flag-tagged YAP proteins. After selection for viral integrations, cells were analyzed using western blot to confirm the expression of the Flag-YAP proteins. Consistent with the notion that they carry stabilizing mutations, the three YAP mutant proteins (5SA, D383A/S384A, and S351A/P352A) were expressed at higher levels compared to the wild-type YAP control (Figure 3D). To assess the response of each Flag-YAP protein to Rac1 inhibition, Panc1 cells expressing each were treated with EHT-1864 for 16 h. DMSO vehicle was used as a vehicle control. As Figure 3E shows, EHT-1864 led to a marked reduction in wild-type Flag-YAP, by more than 10-fold. Similar declines were observed for the 5SA and S351A/P352A mutants but not for the D383A/S384A mutant (Figure 3E). Instead, levels of the D383A/S384A mutant were only minimally affected by the inhibition of Rac1. These results show that the integrity of the βTrCP degron is required for YAP degradation after Rac1 inhibition but not the S381 phosphorylation site, which the 5SA mutant lacks. This finding was unexpected because the activation of this degron also reportedly requires the phosphorylation of S381 by the LATS1/2 kinases [43].



To further confirm the involvement of the SCFβTrCP1/2 ligase in the regulation of YAP by Rac1, components of this ligase were depleted in Panc1 cells with siRNA against Skp1, βTrCP1, and/or βTrCP2. In Figure 3F, Panc1 cells were transfected with Skp1 siRNA (Skp1) or non-targeting siRNA (NT). Two days later, cells were then exposed to EHT-1864 or else the DMSO vehicle, with samples collected 24 h later. As Figure 3F shows, the decline in YAP protein elicited by the Rac1 inhibitor could entirely be blocked by the complete knockdown of Skp1. Next, we investigate the contribution of the βTrCP1 and βTrCP2 proteins. Panc1 cells were instead transfected with siRNA against βTrCP1, βTrCP2, or both proteins. A non-targeting siRNA was used as control. Two days post-transfection, cells were treated with EHT-1864 or else the DMSO vehicle. As Figure 3G shows, the simultaneous silencing of βTrCP1 and βTrCP2 could completely block the decline in YAP protein induced by EHT-1864, but not the silencing of one βTrCP protein alone or the other. These results confirm that the SCFβTrCP1/2 E3 ubiquitin ligase is indeed required for YAP degradation after Rac1 inhibition.




3.6. YAP Degradation After Rac1 Inhibition Occurs Independently of the LATS1/2 Kinases


Next, we re-examined the role played by the LATS1/2 kinases in the regulation of YAP by Rac1. In the first series of experiments, Panc1 cells were transfected with siRNA against LATS1, LATS2, or both kinases. A non-targeting siRNA was used as control (NT). Two days post-transfection, cells were again treated with EHT-1864 or else the DMSO vehicle. As Figure 4A shows, LATS1 was efficiently depleted by its siRNA, whereas LATS2 could not be detected in Panc1 cells with the antibody used. Unexpectedly, like YAP, LATS1 itself was down-regulated after the inhibition of Rac1 (Figure 4A), as well as in HPAF/CD18 cells treated with EHT-1864 (Figure S4). Significantly, the depletion of one LATS isoform or the other did not prevent the degradation of YAP induced by EHT-1864, nor did the simultaneous depletion of both isoforms (Figure 4A). While they suggested a lack of involvement of the LATS1/2 kinases in the regulation of YAP by Rac1, a caveat with these experiments was our inability to detect the LATS2 protein to verify its complete depletion. To overcome this pitfall, in a second series of experiments, we used Hela cells engineered to lack all of their LATS1 and LATS2 gene copies. Both of these kinases were detected in the parental HeLa cells, but both were missing from the CRISPR/Cas9-modified HeLa cells (Figure 4B). Next, the LATS1/2-proficient and LATS1/2-deficient cells were exposed to either EHT-1864 (Figure 4C) or else the DMSO vehicle (Figure 4D), after which YAP levels were monitored. In control cells exposed to DMSO, YAP levels remained invariable in both the modified and unmodified HeLa cells (Figure 4D). However, in cells exposed to EHT-1864, YAP levels declined rapidly and this reduction was observed in both the LATS1/2-proficient and LATS1/2-deficient cells (Figure 4C). Therefore, in Hela cells also, neither of the LATS1/2 kinases was required for YAP degradation after the inhibition of Rac1.




3.7. The Activity of CK1 Is Needed for YAP Degradation After Rac1 Inhibition


Under conditions of active Hippo signaling, the LATS1/2 kinases phosphorylate YAP at serine S381 and this event creates a priming site needed for the S384- and S387-phosphorylation of YAP by CK1, the final step leading to YAP recognition by SCFβTrCP followed by its degradation [43]. Under conditions of Rac1 inhibition, the SCFβTrCP ligase is implicated in the degradation of YAP (Figure 3C–G), but the LATS1/2 kinases are not involved (Figure 4A–D). This finding raises the question as to whether the S384- and S387-phosphorylation of YAP by CK1 is still also needed for the SCFβTrCP-mediated degradation of YAP seen after Rac1 inhibition. To investigate the role of CK1 in the regulation of YAP by Rac1, Panc1 cells expressing Flag-YAP proteins were exposed to IC-261, an inhibitor of CK1δ and CK1ε [75]. In Figure 4E, Panc1 cells expressing wild-type Flag-YAP were pre-treated with IC-261 prior to the addition of EHT-1864. In cells pre-treated with the DMSO vehicle (No IC-261), the Flag-YAP protein declined rapidly once cells were exposed to EHT-1864. In contrast, in those pre-treated with IC-261, there was no decline in Flag-YAP protein observed after the addition of EHT-1864. Identical results were observed with Panc1 cells modified to express the 5SA mutant of Flag-YAP (Figure 4F). These results show that the activity of CK1 is still required for the degradation of YAP after Rac1 inhibition, even when the LATS1/2 phosphorylation sites have all been mutagenized, as in the 5SA mutant.





4. Discussion


The YAP/TAZ transcriptional coactivators are a central player in mechanotransduction. Their nuclear versus cytoplasmic location is influenced by cell shape/geometry, cell tension, cell stretching, extracellular matrix (ECM) stiffness, and cell–cell contacts [100,101]. How these two factors respond to diverse mechanical clues is complex and appears to involve both Hippo-dependent and Hippo-independent pathways. YAP/TAZ nuclear localization is directly impacted by the state of the actin cytoskeleton and its regulator [100,101,102]. The Ras and Rac1 are GTPases that have in common that they alter the actin cytoskeleton to promote cell migration, more directly so in the case of Rac1 [14,27,103]. During cell migration, GTP-bound Rac1 associates with the WAVE regulatory complex to drive Arp2/3 complex-mediated actin polymerization and lamellipodia formation [26,104]. Oncogenic Ras proteins promote cell migration and invasion, which are in parts mediated by Rac1 acting downstream of Ras [103]. In this article, we have compared Rac1 and K-Ras in their ability to regulate YAP levels in PC cells, using inhibitors of both (Figure 1), as well as activated mutants of both proteins (Figure 2). We used MRTX1133 to inhibit the oncogenic K-Ras protein in PDAC cells and saw no significant changes in YAP levels (Figure 1A and Figure S1). These results were in stark contrast with those obtained with the Rac1 inhibitors, which all led to declines in YAP levels (Figure 1B–H). These declines were observed in a wide range of cell lines (HPAF/CD18, AsPC1, L3.6pl, Panc1, HPNE, and HeLa) and with three different Rac1 inhibitors: EHT-1864, NSC23766, and Ehop-016. NSC23766 and Ehop-016 are structurally related and work by blocking the interaction of Rac1 with its GEFs [70,71,72,105]. EHT-1864 causes the loss of bound nucleotide, thereby preventing the binding of Rac1 to its GEF [68,69]. YAP levels were also reduced by Rac1T17N, a biological inhibitor of Rac1 [78]. This mutant acts by squelching GEFs away from Rac1 and related Rho GTPases by sequestering these GEFs onto Rac1T17N complexes that fail to signal. While these pharmacological and biological inhibitors are imperfect tools with their separate off-target effects [106,107,108], they all have in common that they block the accumulation of active Rac1 [70,71,72,78,105]. Most significantly, YAP levels were also reduced in PC cells by the siRNA-mediated silencing of Rac1 (Figure 1G) or by the dominant negative mutant of Rac1, Rac1T17N (Figure 1H). While we cannot exclude the involvement of other Rac1-related Rho GTPases, these observations reveal Rac1 as a key regulator of YAP levels in PC cells, more so than oncogenic K-Ras. A similar regulation of YAP by K-Ras and Rac1 was also observed in HPNE cells expressing activated mutants of the two proteins (Figure 2). Again, YAP levels were more significantly up-regulated by activated Rac1 (Rac1G12V) than by oncogenic K-Ras (K-RasG12D). In the HPNE/E6/E7 cells, for example, total YAP was only modestly increased by K-RasG12D (~two-fold) but was increased by more than 11-fold by the activated Rac1 mutant (Rac1G12V). These results are in line with the results of Figure 1 revealing Rac1 as a more direct regulator of YAP levels than oncogenic K-Ras.



There may be at least two reasons for this relative inability of oncogenic K-Ras to up-regulate YAP as much as the activated Rac1 mutant can. First and foremost, YAP responds to changes in the actin cytoskeleton [100,101,102] and Rac1 is a direct regulator of this cytoskeleton [26,104], whereas Ras relies on Rac1 and other Rho GTPases to impact its function [28,29,103]. Second, Ras has already been reported to have both positive and negative influences on YAP function (Figure 5) [37,54,55,56,57]. In particular, the Hippo/YAP pathway appears to be impacted in opposite ways by oncogenic Ras mutants and wild-type Ras signaling. YAP, for example, is activated by the EGF stimulation of wild-type Ras through both the AKT phosphorylation and inhibition of MST2 (Figure 5; #1) [54,55] and the phosphorylation of Ajuba resulting in LATS1/2 inhibition (Figure 5; #2) [37]. In stark contrast, the chronic expression of oncogenic Ras instead causes the RASSF1A-dependent activation of the MST2-LATS1 complex leading to YAP phosphorylation and inhibition (Figure 5; #3) [54,55,58]. RASSF1A possesses a Ras-binding domain (RBD) through which it serves as an effector of oncogenic K-Ras, one that promotes Ras-induced apoptosis [109,110]. Oncogenic K-Ras can also trigger oncogene-induced senescence (OIS), a form of senescence triggered in normal cells by oncogenic forms of Ras [95,96,97] and BRAF [98] (Figure 2C). Once engaged, the senescence program itself could also potentially inhibit YAP function, as suggested by mounting evidence [111,112,113,114,115,116,117]. However, unlike the oncogenic Ras proteins, the activated mutant of Rac1 did not trigger OIS (Figure 2C) and Rac1 is not a known activator of RASSF-type proteins [110]. Compared to oncogenic K-Ras, Rac1 is a more direct regulator of the actin cytoskeleton and Rac1 is less prone to inducing suppressive feedback mechanisms that can also block YAP (Figure 5; #3). Finally, in further support of the regulation of YAP by Rac1, a correlation between Rac1 and YAP levels was also observed across a panel of PC cell lines and HPNE cells (Figure 2A).



In Figure 3 and Figure 4, we dissected the mechanism involved in the down-regulation of YAP levels by EHT-1864. The results show that the process was dependent on the 26S proteasome (Figure 3A,B and Figure S3), the SCFβTrCP E3 ubiquitin ligase (Figure 3F,G), the βTrCP degron of YAP (Figure 3C–E), and the kinase activity of CK1 (Figure 4E,F). Under conditions of elevated Hippo signaling, YAP degradation is normally initiated by the phosphorylation of S381 by LATS1/2 (XXX). This phosphorylation creates a priming site for CK1, which can then phosphorylate S384 and S387 of the βTrCP degron, activating the process (Figure 5). Unexpectedly, however, YAP degradation after Rac1 inhibition did not require the LATS1/2 kinases and could still be observed in the 5SA YAP mutants that carried the S381A mutation. One possibility for activation of the degron in Rac1-inhibited PC cells would be that S384 is being phosphorylated by a novel kinase (Figure 5). This phosphorylation would suffice to create a priming site for the subsequent phosphorylation of S387 by CK1, resulting in degron activation. In support of this model, the S384A mutation was sufficient to protect the Flag-YAP protein from degradation induced by the Rac1 inhibitor (Figure S5). In other substrates of SCFβTrCP, such as Claspin, the βTrCP degron is activated by the direct phosphorylation of its “DSG” motif [118,119]. In Figure 5, we propose that such a “DSG” kinase is responsible for the S384-phosphorylation of YAP when Rac1 is inhibited. Work is being undertaken to identify the kinase involved.



Studies implicating Rho GTPases as direct regulators of YAP function have been reported before [87,100,120,121]. In mesenchymal stem cells, YAP/TAZ function was regulated by the stiffness of the extracellular matrix and the shape of the cells [100]. In these cells, YAP/TAZ function was inhibited by drugs designed to block F-actin polymerization, actomyosin tension, or the activity of RhoA. Similar to what we report here for Rac1, this regulation was LATS1/2-independent and was accompanied by the degradation of TAZ. Could the same LATS1/2-independent mechanism be used in PC cells to regulate YAP by Rac1? Rac1 and RhoA share many of the same downstream effectors (e.g., PAK1-3 kinases) and Rac1 is hyperactivated in Ras-transformed PC cells, which could make it a more dominant regulator of their common effectors, including perhaps some involved in regulating YAP/TAZ. In a separate study, YAP/TAZ were instead controlled by yet another member of the Rho family, the Cdc42 GTPase [120]. In mouse models, the kidney-specific knockout of YAP and Cdc42 phenocopied each other, blocking nephron induction and morphogenesis. In the Cdc42 knockout, YAP and TAZ were excluded from the nucleus, and the transcription of YAP/TAZ-regulated genes was reduced. However, total YAP levels did not appear to be affected. Finally, a β-integrin/Rac1 pathway that regulates YAP has been described in osteoblasts. However, this regulation was mediated by the Hippo pathway and LATS1/2 kinases, as well as the PAK1-3 kinases acting downstream of Rac1 [87]. A different Rac1-regulated mechanism controls the levels of YAP in PC cells, given that it operates independently of the LATS1/2 (Figure 4A–D) or PAK1-3 (Figure 1B) kinases.



The Rac1 GTPase has been implicated in the regulation of the actin cytoskeleton [25,26], endocytosis/macropinocytosis [122,123], the cell cycle [124], and DNA damage response [33]. Similar to YAP [46], Rac1 is required for the transformation of primary cells by the Ras oncogenes [28,29]. Like YAP [47], it is also needed for the development of Ras-driven PC in the mouse [30,31]. Acting downstream of oncogenic K-Ras, the new Rac1/YAP axis described here could contribute to PC cell dissemination and metastasis by simultaneously promoting cell migration (Rac1) and making these cells more tolerant to inadequate cell–cell and cell–matrix interactions (YAP). The impact and the role of Rac1/YAP signaling could conceivably change during the development and progression of PC, depending on the presence of other genetic or epigenetic alterations. In Figure 2B–D, YAP was induced by activated Rac1, but only in the HPNE cells expressing E6/E7. Rac1/YAP signaling therefore appears to be restricted by the activities of p53 and/or p16/RB pathway. If so, then this pathway may be more critically important in the 50% and 70% of PC tumors that respectively lack functional p53 or p16 [2,125,126]. Likewise, RASSF1A expression is frequently repressed in PC specimens through promoter methylation [127]. In these tumors, YAP function would no longer be attenuated by the RASSF1A-mediated activation of MST1/2 (Figure 5; #3), thereby allowing oncogenic K-Ras to unimpededly activate YAP through its other effectors (Figure 5; #1 and #2), including Rac1 (Figure 5; #4). In these tumors, Rac1/YAP signaling could play a crucial role in boosting YAP levels and promoting invasion and metastasis. Future studies will be needed to better understand the role played by Rac1/YAP signaling in PC development and the response of these tumors to both conventional chemotherapies and inhibitors of oncogenic K-Ras proteins.




5. Conclusions


In pancreatic cells, we investigated the regulation of YAP by oncogenic K-Ras and its downstream effectors. Although YAP levels were only modestly influenced by the activity of oncogenic K-Ras, YAP stability was more directly controlled by the activity of Rac1, a known effector of Ras. This regulation of YAP by Rac1 was mediated by the SCFβTrCP E3 ubiquitin ligase but in a manner that was independent of the LATS1/2 kinases and Hippo pathway. This novel Rac1/YAP axis that links a regulator of cell shape (i.e., Rac1) to a transducer of mechanical force (i.e., YAP) is likely to play an important role in the development of PC and other Ras-driven malignancies. The pathway could also potentially be involved in the development of therapeutic resistance to Ras inhibitors, which we know can be promoted by overexpressed YAP.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers16213605/s1, Figure S1: YAP levels are unaffected by the inhibition of oncogenic K-RasG12D in PC cells; Figure S2: YAP levels are reduced by EHT-1864 in a dose-dependent manner; Figure S3: MG132 blocks the degradation of Flag-YAP proteins induced by the Rac1 inhibitor; Figure S4: LATS1 declines in PC cells after the inhibition of Rac1; Figure S5: The S384A mutation blocks YAP degradation elicited by the inhibition of Rac1; Scans of all individual blots used for generating the western blot figures.





Author Contributions


C.P. (Methodology, Validation, Investigation, Visualization), T.N.S. (Validation, Investigation, Visualization, Review & Editing), B.M.G. (Validation, Investigation, Visualization), Y.C. (Investigation), Y.Z. (Investigation, Validation), J.L.C. (Visualization, Formal analysis, Data Curation), P.S. (Investigation), J.D. (Conceptualization, Investigation, Review & Editing), Y.Y. (Conceptualization, Investigation, Review & Editing), S.K.B. (Supervision, Project administration, Funding acquisition, Review & Editing), and M.M.O. (Conceptualization, Validation, Formal analysis, Data Curation, Writing—Original Draft, Writing—Review & Editing, Visualization, Supervision, Project administration, Funding acquisition). All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by an LB506 grant from the Nebraska DHHS (2022-42 to M.M.O.) and by multiple NIH grants, including R01 CA206444 (to M.M.O. and S.K.B.), R01 GM143329 (to Y.Y.), and P30 GM106397 (to M.M.O. and Y.Y.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.




Conflicts of Interest


S.K.B. is one of the co-founders of Sanguine Diagnostics and Therapeutics, Inc. Other authors declare that they have no conflicts of interest.




References


	



Jones, S.; Zhang, X.; Parsons, D.W.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Kamiyama, H.; Jimeno, A.; et al. Core signaling pathways in human pancreatic cancers revealed by global genomic analyses. Science 2008, 321, 1801–1806. [Google Scholar] [CrossRef] [PubMed]

	



Pellegata, N.S.; Sessa, F.; Renault, B.; Bonato, M.; Leone, B.E.; Solcia, E.; Ranzani, G.N.; Peracaula, R.; Cleary, K.R.; Lorenzo, J.; et al. K-ras and p53 gene mutations in pancreatic cancer. Cancer Res. 1994, 54, 1556–1560. [Google Scholar] [PubMed]

	



Witkiewicz, A.K.; McMillan, E.A.; Balaji, U.; Baek, G.; Lin, W.C.; Mansour, J.; Mollaee, M.; Wagner, K.U.; Koduru, P.; Yopp, A.; et al. Whole-exome sequencing of pancreatic cancer defines genetic diversity and therapeutic targets. Nat. Commun. 2015, 6, 6744. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.M.; Vincent, A.; Kanda, M.; Leclerc, J.; Omura, N.; Borges, M.; Klein, A.P.; Canto, M.I.; Hruban, R.H.; Goggins, M. Genome-wide somatic copy number alterations in low-grade PanINs and IPMNs from individuals with a family history of pancreatic cancer. Clin. Cancer Res. 2012, 18, 4303–4312. [Google Scholar] [CrossRef] [PubMed]

	



Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.M.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K.; Vogelstein, B.; et al. Presence of somatic mutations in most early-stage pancreatic intraepithelial neoplasia. Gastroenterology 2012, 142, 730–733.e739. [Google Scholar] [CrossRef]

	



Rhim, A.D.; Mirek, E.T.; Aiello, N.M.; Maitra, A.; Bailey, J.M.; McAllister, F.; Reichert, M.; Beatty, G.L.; Rustgi, A.K.; Vonderheide, R.H.; et al. EMT and dissemination precede pancreatic tumor formation. Cell 2012, 148, 349–361. [Google Scholar] [CrossRef]

	



Aguirre, A.J.; Bardeesy, N.; Sinha, M.; Lopez, L.; Tuveson, D.A.; Horner, J.; Redston, M.S.; DePinho, R.A. Activated Kras and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal adenocarcinoma. Genes Dev. 2003, 17, 3112–3126. [Google Scholar] [CrossRef]

	



Bardeesy, N.; Cheng, K.H.; Berger, J.H.; Chu, G.C.; Pahler, J.; Olson, P.; Hezel, A.F.; Horner, J.; Lauwers, G.Y.; Hanahan, D.; et al. Smad4 is dispensable for normal pancreas development yet critical in progression and tumor biology of pancreas cancer. Genes Dev. 2006, 20, 3130–3146. [Google Scholar] [CrossRef]

	



Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A.; Ross, S.; Conrads, T.P.; Veenstra, T.D.; Hitt, B.A.; et al. Preinvasive and invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 2003, 4, 437–450. [Google Scholar] [CrossRef]

	



Hingorani, S.R.; Wang, L.; Multani, A.S.; Combs, C.; Deramaudt, T.B.; Hruban, R.H.; Rustgi, A.K.; Chang, S.; Tuveson, D.A. Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 2005, 7, 469–483. [Google Scholar] [CrossRef]

	



Kojima, K.; Vickers, S.M.; Adsay, N.V.; Jhala, N.C.; Kim, H.G.; Schoeb, T.R.; Grizzle, W.E.; Klug, C.A. Inactivation of Smad4 accelerates Kras(G12D)-mediated pancreatic neoplasia. Cancer Res. 2007, 67, 8121–8130. [Google Scholar] [CrossRef] [PubMed]

	



Cox, A.D.; Der, C.J. Ras history: The saga continues. Small GTPases 2010, 1, 2–27. [Google Scholar] [CrossRef]

	



Choi, B.H.; Philips, M.R.; Chen, Y.; Lu, L.; Dai, W. K-Ras Lys-42 is crucial for its signaling, cell migration, and invasion. J. Biol. Chem. 2018, 293, 17574–17581. [Google Scholar] [CrossRef]

	



Nyga, A.; Ganguli, S.; Matthews, H.K.; Baum, B. The role of RAS oncogenes in controlling epithelial mechanics. Trends Cell Biol. 2023, 33, 60–69. [Google Scholar] [CrossRef]

	



Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33. [Google Scholar] [CrossRef]

	



Pylayeva-Gupta, Y.; Grabocka, E.; Bar-Sagi, D. RAS oncogenes: Weaving a tumorigenic web. Nat. Rev. Cancer 2011, 11, 761–774. [Google Scholar] [CrossRef] [PubMed]

	



Bosco, E.E.; Mulloy, J.C.; Zheng, Y. Rac1 GTPase: A “Rac” of all trades. Cell. Mol. Life Sci. 2009, 66, 370–374. [Google Scholar] [CrossRef] [PubMed]

	



Malliri, A.; van der Kammen, R.A.; Clark, K.; van der Valk, M.; Michiels, F.; Collard, J.G. Mice deficient in the Rac activator Tiam1 are resistant to Ras-induced skin tumours. Nature 2002, 417, 867–871. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, J.M.; Lambert, Q.T.; Reuther, G.W.; Malliri, A.; Siderovski, D.P.; Sondek, J.; Collard, J.G.; Der, C.J. Tiam1 mediates Ras activation of Rac by a PI(3)K-independent mechanism. Nat. Cell Biol. 2002, 4, 621–625. [Google Scholar] [CrossRef]

	



Welch, H.C.; Coadwell, W.J.; Ellson, C.D.; Ferguson, G.J.; Andrews, S.R.; Erdjument-Bromage, H.; Tempst, P.; Hawkins, P.T.; Stephens, L.R. P-Rex1, a PtdIns(3,4,5)P3- and Gbetagamma-regulated guanine-nucleotide exchange factor for Rac. Cell 2002, 108, 809–821. [Google Scholar] [CrossRef]

	



Hill, K.; Krugmann, S.; Andrews, S.R.; Coadwell, W.J.; Finan, P.; Welch, H.C.; Hawkins, P.T.; Stephens, L.R. Regulation of P-Rex1 by phosphatidylinositol (3,4,5)-trisphosphate and Gbetagamma subunits. J. Biol. Chem. 2005, 280, 4166–4173. [Google Scholar] [CrossRef] [PubMed]

	



Lane, J.; Martin, T.; Weeks, H.P.; Jiang, W.G. Structure and role of WASP and WAVE in Rho GTPase signalling in cancer. Cancer Genom. Proteom. 2014, 11, 155–165. [Google Scholar]

	



Lawson, C.D.; Burridge, K. The on-off relationship of Rho and Rac during integrin-mediated adhesion and cell migration. Small GTPases 2014, 5, e27958. [Google Scholar] [CrossRef] [PubMed]

	



Rathinam, R.; Berrier, A.; Alahari, S.K. Role of Rho GTPases and their regulators in cancer progression. Front. Biosci. 2011, 16, 2561–2571. [Google Scholar] [CrossRef] [PubMed]

	



Evers, E.E.; Zondag, G.C.; Malliri, A.; Price, L.S.; ten Klooster, J.P.; van der Kammen, R.A.; Collard, J.G. Rho family proteins in cell adhesion and cell migration. Eur. J. Cancer 2000, 36, 1269–1274. [Google Scholar] [CrossRef] [PubMed]

	



Wennerberg, K.; Der, C.J. Rho-family GTPases: It’s not only Rac and Rho (and I like it). J. Cell Sci. 2004, 117 Pt 8, 1301–1312. [Google Scholar] [CrossRef]

	



Kunschmann, T.; Puder, S.; Fischer, T.; Steffen, A.; Rottner, K.; Mierke, C.T. The Small GTPase Rac1 Increases Cell Surface Stiffness and Enhances 3D Migration Into Extracellular Matrices. Sci. Rep. 2019, 9, 7675. [Google Scholar] [CrossRef]

	



Khosravi-Far, R.; Solski, P.A.; Clark, G.J.; Kinch, M.S.; Der, C.J. Activation of Rac1, RhoA, and mitogen-activated protein kinases is required for Ras transformation. Mol. Cell. Biol. 1995, 15, 6443–6453. [Google Scholar] [CrossRef]

	



Qiu, R.G.; Chen, J.; Kirn, D.; McCormick, F.; Symons, M. An essential role for Rac in Ras transformation. Nature 1995, 374, 457–459. [Google Scholar] [CrossRef]

	



Wertheimer, E.; Kazanietz, M.G. Rac1 takes center stage in pancreatic cancer and ulcerative colitis: Quantity matters. Gastroenterology 2011, 141, 427–430. [Google Scholar] [CrossRef]

	



Heid, I.; Lubeseder-Martellato, C.; Sipos, B.; Mazur, P.K.; Lesina, M.; Schmid, R.M.; Siveke, J.T. Early requirement of Rac1 in a mouse model of pancreatic cancer. Gastroenterology 2011, 141, 719–730. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Ouellette, M.M. Rac1 GTPase in pancreatic cancer. Aging 2015, 7, 609–610. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Hein, A.L.; Etekpo, A.; Burchett, K.M.; Lin, C.; Enke, C.A.; Batra, S.K.; Cowan, K.H.; Ouellette, M.M. Inhibition of RAC1 GTPase sensitizes pancreatic cancer cells to gamma-irradiation. Oncotarget 2014, 5, 10251–10270. [Google Scholar] [CrossRef]

	



Pan, D. Hippo signaling in organ size control. Genes Dev. 2007, 21, 886–897. [Google Scholar] [CrossRef]

	



Dong, J.; Feldmann, G.; Huang, J.; Wu, S.; Zhang, N.; Comerford, S.A.; Gayyed, M.F.; Anders, R.A.; Maitra, A.; Pan, D. Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 2007, 130, 1120–1133. [Google Scholar] [CrossRef]

	



Hong, X.; Nguyen, H.T.; Chen, Q.; Zhang, R.; Hagman, Z.; Voorhoeve, P.M.; Cohen, S.M. Opposing activities of the Ras and Hippo pathways converge on regulation of YAP protein turnover. EMBO J. 2014, 33, 2447–2457. [Google Scholar] [CrossRef]

	



Reddy, B.V.; Irvine, K.D. Regulation of Hippo signaling by EGFR-MAPK signaling through Ajuba family proteins. Dev. Cell 2013, 24, 459–471. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, C.G.; Moroishi, T.; Guan, K.L. YAP and TAZ: A nexus for Hippo signaling and beyond. Trends Cell Biol. 2015, 25, 499–513. [Google Scholar] [CrossRef]

	



Guo, X.; Zhao, B. Integration of mechanical and chemical signals by YAP and TAZ transcription coactivators. Cell Biosci. 2013, 3, 33. [Google Scholar] [CrossRef]

	



Zhao, B.; Ye, X.; Yu, J.; Li, L.; Li, W.; Li, S.; Yu, J.; Lin, J.D.; Wang, C.Y.; Chinnaiyan, A.M.; et al. TEAD mediates YAP-dependent gene induction and growth control. Genes Dev. 2008, 22, 1962–1971. [Google Scholar] [CrossRef]

	



Wu, S.; Liu, Y.; Zheng, Y.; Dong, J.; Pan, D. The TEAD/TEF family protein Scalloped mediates transcriptional output of the Hippo growth-regulatory pathway. Dev. Cell 2008, 14, 388–398. [Google Scholar] [CrossRef] [PubMed]

	



Driskill, J.H.; Pan, D. Control of stem cell renewal and fate by YAP and TAZ. Nat. Rev. Mol. Cell Biol. 2023, 24, 895–911. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Li, L.; Tumaneng, K.; Wang, C.Y.; Guan, K.L. A coordinated phosphorylation by Lats and CK1 regulates YAP stability through SCF(beta-TRCP). Genes Dev. 2010, 24, 72–85. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L.; et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev. 2007, 21, 2747–2761. [Google Scholar] [CrossRef]

	



Salcedo Allende, M.T.; Zeron-Medina, J.; Hernandez, J.; Macarulla, T.; Balsells, J.; Merino, X.; Allende, H.; Tabernero, J.; Ramon, Y.C.S. Overexpression of Yes Associated Protein 1, an Independent Prognostic Marker in Patients With Pancreatic Ductal Adenocarcinoma, Correlated With Liver Metastasis and Poor Prognosis. Pancreas 2017, 46, 913–920. [Google Scholar] [CrossRef]

	



Shao, D.D.; Xue, W.; Krall, E.B.; Bhutkar, A.; Piccioni, F.; Wang, X.; Schinzel, A.C.; Sood, S.; Rosenbluh, J.; Kim, J.W.; et al. KRAS and YAP1 converge to regulate EMT and tumor survival. Cell 2014, 158, 171–184. [Google Scholar] [CrossRef]

	



Zhang, W.; Nandakumar, N.; Shi, Y.; Manzano, M.; Smith, A.; Graham, G.; Gupta, S.; Vietsch, E.E.; Laughlin, S.Z.; Wadhwa, M.; et al. Downstream of mutant KRAS, the transcription regulator YAP is essential for neoplastic progression to pancreatic ductal adenocarcinoma. Sci. Signal. 2014, 7, ra42. [Google Scholar] [CrossRef]

	



Greten, F.R. YAP1 takes over when oncogenic K-Ras slumbers. Cell 2014, 158, 11–12. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, A.; Yao, W.; Ying, H.; Hua, S.; Liewen, A.; Wang, Q.; Zhong, Y.; Wu, C.J.; Sadanandam, A.; Hu, B.; et al. Yap1 activation enables bypass of oncogenic Kras addiction in pancreatic cancer. Cell 2014, 158, 185–197. [Google Scholar] [CrossRef]

	



Xu, H.; Zhou, S.; Xia, H.; Yu, H.; Tang, Q.; Bi, F. MEK nuclear localization promotes YAP stability via sequestering beta-TrCP in KRAS mutant cancer cells. Cell Death Differ. 2019, 26, 2400–2415. [Google Scholar] [CrossRef]

	



Jagadeeshan, S.; Prasad, M.; Badarni, M.; Ben-Lulu, T.; Liju, V.B.; Mathukkada, S.; Saunders, C.; Shnerb, A.B.; Zorea, J.; Yegodayev, K.M.; et al. Mutated HRAS Activates YAP1-AXL Signaling to Drive Metastasis of Head and Neck Cancer. Cancer Res. 2023, 83, 1031–1047. [Google Scholar] [CrossRef] [PubMed]

	



Corbo, V.; Ponz-Sarvise, M.; Tuveson, D.A. The RAS and YAP1 dance, who is leading? EMBO J. 2014, 33, 2437–2438. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Y.; Sun, S.; Irvine, K.D. Role and regulation of Yap in KrasG12D-induced lung cancer. Oncotarget 2017, 8, 110877–110889. [Google Scholar] [CrossRef]

	



Matallanas, D.; Romano, D.; Al-Mulla, F.; O’Neill, E.; Al-Ali, W.; Crespo, P.; Doyle, B.; Nixon, C.; Sansom, O.; Drosten, M.; et al. Mutant K-Ras activation of the proapoptotic MST2 pathway is antagonized by wild-type K-Ras. Mol. Cell 2011, 44, 893–906. [Google Scholar] [CrossRef]

	



Romano, D.; Maccario, H.; Doherty, C.; Quinn, N.P.; Kolch, W.; Matallanas, D. The differential effects of wild-type and mutated K-Ras on MST2 signaling are determined by K-Ras activation kinetics. Mol. Cell. Biol. 2013, 33, 1859–1868. [Google Scholar] [CrossRef]

	



Romano, D.; Matallanas, D.; Weitsman, G.; Preisinger, C.; Ng, T.; Kolch, W. Proapoptotic kinase MST2 coordinates signaling crosstalk between RASSF1A, Raf-1, and Akt. Cancer Res. 2010, 70, 1195–1203. [Google Scholar] [CrossRef] [PubMed]

	



Romano, D.; Nguyen, L.K.; Matallanas, D.; Halasz, M.; Doherty, C.; Kholodenko, B.N.; Kolch, W. Protein interaction switches coordinate Raf-1 and MST2/Hippo signalling. Nat. Cell Biol. 2014, 16, 673–684. [Google Scholar] [CrossRef] [PubMed]

	



Guo, C.; Zhang, X.; Pfeifer, G.P. The tumor suppressor RASSF1A prevents dephosphorylation of the mammalian STE20-like kinases MST1 and MST2. J. Biol. Chem. 2011, 286, 6253–6261. [Google Scholar] [CrossRef]

	



Yan, H.; Yu, C.C.; Fine, S.A.; Youssof, A.L.; Yang, Y.R.; Yan, J.; Karg, D.C.; Cheung, E.C.; Friedman, R.A.; Ying, H.; et al. Loss of the wild-type KRAS allele promotes pancreatic cancer progression through functional activation of YAP1. Oncogene 2021, 40, 6759–6771. [Google Scholar] [CrossRef]

	



Campbell, P.M.; Lee, K.M.; Ouellette, M.M.; Kim, H.J.; Groehler, A.L.; Khazak, V.; Der, C.J. Ras-driven transformation of human nestin-positive pancreatic epithelial cells. Methods Enzymol. 2008, 439, 451–465. [Google Scholar]

	



Campbell, P.M.; Groehler, A.L.; Lee, K.M.; Ouellette, M.M.; Khazak, V.; Der, C.J. K-Ras promotes growth transformation and invasion of immortalized human pancreatic cells by Raf and phosphatidylinositol 3-kinase signaling. Cancer Res. 2007, 67, 2098–2106. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.M.; Yasuda, H.; Hollingsworth, M.A.; Ouellette, M.M. Notch 2-positive progenitors with the intrinsic ability to give rise to pancreatic ductal cells. Lab. Investig. 2005, 85, 1003–1012. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.M.; Nguyen, C.; Ulrich, A.B.; Pour, P.M.; Ouellette, M.M. Immortalization with telomerase of the Nestin-positive cells of the human pancreas. Biochem. Biophys. Res. Commun. 2003, 301, 1038–1044. [Google Scholar] [CrossRef]

	



Wang, X.; Allen, S.; Blake, J.F.; Bowcut, V.; Briere, D.M.; Calinisan, A.; Dahlke, J.R.; Fell, J.B.; Fischer, J.P.; Gunn, R.J.; et al. Identification of MRTX1133, a Noncovalent, Potent, and Selective KRAS(G12D) Inhibitor. J. Med. Chem. 2022, 65, 3123–3133. [Google Scholar] [CrossRef] [PubMed]

	



Gangjee, A.; Zaware, N.; Raghavan, S.; Ihnat, M.; Shenoy, S.; Kisliuk, R.L. Single agents with designed combination chemotherapy potential: Synthesis and evaluation of substituted pyrimido[4,5-b]indoles as receptor tyrosine kinase and thymidylate synthase inhibitors and as antitumor agents. J. Med. Chem. 2010, 53, 1563–1578. [Google Scholar] [CrossRef]

	



Chow, H.Y.; Dong, B.; Duron, S.G.; Campbell, D.A.; Ong, C.C.; Hoeflich, K.P.; Chang, L.S.; Welling, D.B.; Yang, Z.J.; Chernoff, J. Group I Paks as therapeutic targets in NF2-deficient meningioma. Oncotarget 2015, 6, 1981–1994. [Google Scholar] [CrossRef]

	



Flaiz, C.; Chernoff, J.; Ammoun, S.; Peterson, J.R.; Hanemann, C.O. PAK kinase regulates Rac GTPase and is a potential target in human schwannomas. Exp. Neurol. 2009, 218, 137–144. [Google Scholar] [CrossRef]

	



Shutes, A.; Onesto, C.; Picard, V.; Leblond, B.; Schweighoffer, F.; Der, C.J. Specificity and mechanism of action of EHT 1864, a novel small molecule inhibitor of Rac family small GTPases. J. Biol. Chem. 2007, 282, 35666–35678. [Google Scholar] [CrossRef]

	



Onesto, C.; Shutes, A.; Picard, V.; Schweighoffer, F.; Der, C.J. Characterization of EHT 1864, a novel small molecule inhibitor of Rac family small GTPases. Methods Enzymol. 2008, 439, 111–129. [Google Scholar]

	



Montalvo-Ortiz, B.L.; Castillo-Pichardo, L.; Hernandez, E.; Humphries-Bickley, T.; De la Mota-Peynado, A.; Cubano, L.A.; Vlaar, C.P.; Dharmawardhane, S. Characterization of EHop-016, novel small molecule inhibitor of Rac GTPase. J. Biol. Chem. 2012, 287, 13228–13238. [Google Scholar] [CrossRef]

	



Gao, Y.; Dickerson, J.B.; Guo, F.; Zheng, J.; Zheng, Y. Rational design and characterization of a Rac GTPase-specific small molecule inhibitor. Proc. Natl. Acad. Sci. USA 2004, 101, 7618–7623. [Google Scholar] [CrossRef] [PubMed]

	



Akbar, H.; Cancelas, J.; Williams, D.A.; Zheng, J.; Zheng, Y. Rational design and applications of a Rac GTPase-specific small molecule inhibitor. Methods Enzymol. 2006, 406, 554–565. [Google Scholar] [PubMed]

	



Duncia, J.V.; Santella, J.B.; 3rd Higley, C.A.; Pitts, W.J.; Wityak, J.; Frietze, W.E.; Rankin, F.W.; Sun, J.H.; Earl, R.A.; Tabaka, A.C.; et al. MEK inhibitors: The chemistry and biological activity of U0126, its analogs, and cyclization products. Bioorg. Med. Chem. Lett. 1998, 8, 2839–2844. [Google Scholar] [CrossRef] [PubMed]

	



Lagares-Tena, L.; Garcia-Monclus, S.; Lopez-Alemany, R.; Almacellas-Rabaiget, O.; Huertas-Martinez, J.; Sainz-Jaspeado, M.; Mateo-Lozano, S.; Rodriguez-Galindo, C.; Rello-Varona, S.; Herrero-Martin, D.; et al. Caveolin-1 promotes Ewing sarcoma metastasis regulating MMP-9 expression through MAPK/ERK pathway. Oncotarget 2016, 7, 56889–56903. [Google Scholar] [CrossRef]

	



Mashhoon, N.; DeMaggio, A.J.; Tereshko, V.; Bergmeier, S.C.; Egli, M.; Hoekstra, M.F.; Kuret, J. Crystal structure of a conformation-selective casein kinase-1 inhibitor. J. Biol. Chem. 2000, 275, 20052–20060. [Google Scholar] [CrossRef]

	



Liu, F.; Ma, X.H.; Ule, J.; Bibb, J.A.; Nishi, A.; DeMaggio, A.J.; Yan, Z.; Nairn, A.C.; Greengard, P. Regulation of cyclin-dependent kinase 5 and casein kinase 1 by metabotropic glutamate receptors. Proc. Natl. Acad. Sci. USA 2001, 98, 11062–11068. [Google Scholar] [CrossRef] [PubMed]

	



Sakuma, T.; Nishikawa, A.; Kume, S.; Chayama, K.; Yamamoto, T. Multiplex genome engineering in human cells using all-in-one CRISPR/Cas9 vector system. Sci. Rep. 2014, 4, 5400. [Google Scholar] [CrossRef]

	



Ridley, A.J.; Paterson, H.F.; Johnston, C.L.; Diekmann, D.; Hall, A. The small GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 1992, 70, 401–410. [Google Scholar] [CrossRef]

	



Yan, Y.; Haas, J.P.; Kim, M.; Sgagias, M.K.; Cowan, K.H. BRCA1-induced apoptosis involves inactivation of ERK1/2 activities. J. Biol. Chem. 2002, 277, 33422–33430. [Google Scholar] [CrossRef]

	



Brady, D.C.; Crowe, M.S.; Turski, M.L.; Hobbs, G.A.; Yao, X.; Chaikuad, A.; Knapp, S.; Xiao, K.; Campbell, S.L.; Thiele, D.J.; et al. Copper is required for oncogenic BRAF signalling and tumorigenesis. Nature 2014, 509, 492–496. [Google Scholar] [CrossRef]

	



Burchett, K.M.; Yan, Y.; Ouellette, M.M. Telomerase inhibitor Imetelstat (GRN163L) limits the lifespan of human pancreatic cancer cells. PLoS ONE 2014, 9, e85155. [Google Scholar] [CrossRef] [PubMed]

	



Palanivel, C.; Chaudhary, N.; Seshacharyulu, P.; Cox, J.L.; Yan, Y.; Batra, S.K.; Ouellette, M.M. The GSK3 kinase and LZTR1 protein regulate the stability of Ras family proteins and the proliferation of pancreatic cancer cells. Neoplasia 2022, 25, 28–40. [Google Scholar] [CrossRef]

	



Hu, L.; Zaloudek, C.; Mills, G.B.; Gray, J.; Jaffe, R.B. In vivo and in vitro ovarian carcinoma growth inhibition by a phosphatidylinositol 3-kinase inhibitor (LY294002). Clin. Cancer Res. 2000, 6, 880–886. [Google Scholar] [PubMed]

	



Deacon, S.W.; Beeser, A.; Fukui, J.A.; Rennefahrt, U.E.; Myers, C.; Chernoff, J.; Peterson, J.R. An isoform-selective, small-molecule inhibitor targets the autoregulatory mechanism of p21-activated kinase. Chem. Biol. 2008, 15, 322–331. [Google Scholar] [CrossRef] [PubMed]

	



Viaud, J.; Peterson, J.R. An allosteric kinase inhibitor binds the p21-activated kinase autoregulatory domain covalently. Mol. Cancer Ther. 2009, 8, 2559–2565. [Google Scholar] [CrossRef]

	



Licciulli, S.; Maksimoska, J.; Zhou, C.; Troutman, S.; Kota, S.; Liu, Q.; Duron, S.; Campbell, D.; Chernoff, J.; Field, J.; et al. FRAX597, a small molecule inhibitor of the p21-activated kinases, inhibits tumorigenesis of neurofibromatosis type 2 (NF2)-associated Schwannomas. J. Biol. Chem. 2013, 288, 29105–29114. [Google Scholar] [CrossRef] [PubMed]

	



Sabra, H.; Brunner, M.; Mandati, V.; Wehrle-Haller, B.; Lallemand, D.; Ribba, A.S.; Chevalier, G.; Guardiola, P.; Block, M.R.; Bouvard, D. beta1 integrin-dependent Rac/group I PAK signaling mediates YAP activation of Yes-associated protein 1 (YAP1) via NF2/merlin. J. Biol. Chem. 2017, 292, 19179–19197. [Google Scholar] [CrossRef]

	



Moore, K.A.; Sethi, R.; Doanes, A.M.; Johnson, T.M.; Pracyk, J.B.; Kirby, M.; Irani, K.; Goldschmidt-Clermont, P.J.; Finkel, T. Rac1 is required for cell proliferation and G2/M progression. Biochem. J. 1997, 326 Pt 1, 17–20. [Google Scholar] [CrossRef]

	



Yang, S.; Zhang, L.; Purohit, V.; Shukla, S.K.; Chen, X.; Yu, F.; Fu, K.; Chen, Y.; Solheim, J.; Singh, P.K.; et al. Active YAP promotes pancreatic cancer cell motility, invasion and tumorigenesis in a mitotic phosphorylation-dependent manner through LPAR3. Oncotarget 2015, 6, 36019–36031. [Google Scholar] [CrossRef]

	



Du, J.; Liu, J.; Smith, B.J.; Tsao, M.S.; Cullen, J.J. Role of Rac1-dependent NADPH oxidase in the growth of pancreatic cancer. Cancer Gene Ther. 2011, 18, 135–143. [Google Scholar] [CrossRef]

	



Wu, C.Y.; Carpenter, E.S.; Takeuchi, K.K.; Halbrook, C.J.; Peverley, L.V.; Bien, H.; Hall, J.C.; DelGiorno, K.E.; Pal, D.; Song, Y.; et al. PI3K regulation of RAC1 is required for KRAS-induced pancreatic tumorigenesis in mice. Gastroenterology 2014, 147, 1405–1416.e1407. [Google Scholar] [CrossRef] [PubMed]

	



Deer, E.L.; Gonzalez-Hernandez, J.; Coursen, J.D.; Shea, J.E.; Ngatia, J.; Scaife, C.L.; Firpo, M.A.; Mulvihill, S.J. Phenotype and genotype of pancreatic cancer cell lines. Pancreas 2010, 39, 425–435. [Google Scholar] [CrossRef] [PubMed]

	



Matsuo, Y.; Campbell, P.M.; Brekken, R.A.; Sung, B.; Ouellette, M.M.; Fleming, J.B.; Aggarwal, B.B.; Der, C.J.; Guha, S. K-Ras promotes angiogenesis mediated by immortalized human pancreatic epithelial cells through mitogen-activated protein kinase signaling pathways. Mol. Cancer Res. 2009, 7, 799–808. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, S.; Wang, Y.; Cao, L.; Ouellette, M.M.; Freeman, J.W. Expression of oncogenic K-ras and loss of Smad4 cooperate to induce the expression of EGFR and to promote invasion of immortalized human pancreas ductal cells. Int. J. Cancer 2010, 127, 2076–2087. [Google Scholar] [CrossRef]

	



Collado, M.; Gil, J.; Efeyan, A.; Guerra, C.; Schuhmacher, A.J.; Barradas, M.; Benguria, A.; Zaballos, A.; Flores, J.M.; Barbacid, M.; et al. Tumour biology: Senescence in premalignant tumours. Nature 2005, 436, 642. [Google Scholar] [CrossRef]

	



Serrano, M.; Lin, A.W.; McCurrach, M.E.; Beach, D.; Lowe, S.W. Oncogenic ras provokes premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 1997, 88, 593–602. [Google Scholar] [CrossRef]

	



Braig, M.; Lee, S.; Loddenkemper, C.; Rudolph, C.; Peters, A.H.F.M.; Schlegelberger, B.; Stein, H.; Dörken, B.; Jenuwein, T.; Schmitt, C.A. Oncogene-induced senescence as an initial barrier in lymphoma development. Nature 2005, 436, 660–665. [Google Scholar] [CrossRef] [PubMed]

	



Michaloglou, C.; Vredeveld, L.C.W.; Soengas, M.S.; Denoyelle, C.; Kuilman, T.; van der Horst, C.M.A.M.; Majoor, D.M.; Shay, J.W.; Mooi, W.J.; Peeper, D.S. BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature 2005, 436, 720–724. [Google Scholar] [CrossRef]

	



Yeh, C.H.; Bellon, M.; Nicot, C. FBXW7: A critical tumor suppressor of human cancers. Mol. Cancer 2018, 17, 115. [Google Scholar] [CrossRef]

	



Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato, S.; et al. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183. [Google Scholar] [CrossRef]

	



Ma, S.; Meng, Z.; Chen, R.; Guan, K.L. The Hippo Pathway: Biology and Pathophysiology. Annu. Rev. Biochem. 2019, 88, 577–604. [Google Scholar] [CrossRef] [PubMed]

	



Aragona, M.; Panciera, T.; Manfrin, A.; Giulitti, S.; Michielin, F.; Elvassore, N.; Dupont, S.; Piccolo, S. A mechanical checkpoint controls multicellular growth through YAP/TAZ regulation by actin-processing factors. Cell 2013, 154, 1047–1059. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, P.M.; Der, C.J. Oncogenic Ras and its role in tumor cell invasion and metastasis. Semin Cancer Biol 2004, 14, 105–114. [Google Scholar] [CrossRef] [PubMed]

	



Jaffe, A.B.; Hall, A. Rho GTPases: Biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005, 21, 247–269. [Google Scholar] [CrossRef] [PubMed]

	



Dharmawardhane, S.; Hernandez, E.; Vlaar, C. Development of EHop-016: A small molecule inhibitor of Rac. Enzymes 2013, 33 Pt A, 117–146. [Google Scholar]

	



Dutting, S.; Heidenreich, J.; Cherpokova, D.; Amin, E.; Zhang, S.C.; Ahmadian, M.R.; Brakebusch, C.; Nieswandt, B. Critical off-target effects of the widely used Rac1 inhibitors NSC23766 and EHT1864 in mouse platelets. J. Thromb. Haemost. 2015, 13, 827–838. [Google Scholar] [CrossRef]

	



Levay, M.; Krobert, K.A.; Wittig, K.; Voigt, N.; Bermudez, M.; Wolber, G.; Dobrev, D.; Levy, F.O.; Wieland, T. NSC23766, a widely used inhibitor of Rac1 activation, additionally acts as a competitive antagonist at muscarinic acetylcholine receptors. J Pharmacol. Exp. Ther. 2013, 347, 69–79. [Google Scholar] [CrossRef]

	



Hou, H.; Chavez, A.E.; Wang, C.C.; Yang, H.; Gu, H.; Siddoway, B.A.; Hall, B.J.; Castillo, P.E.; Xia, H. The Rac1 inhibitor NSC23766 suppresses CREB signaling by targeting NMDA receptor function. J. Neurosci. 2014, 34, 14006–14012. [Google Scholar] [CrossRef]

	



Vos, M.D.; Ellis, C.A.; Bell, A.; Birrer, M.J.; Clark, G.J. Ras uses the novel tumor suppressor RASSF1 as an effector to mediate apoptosis. J. Biol. Chem. 2000, 275, 35669–35672. [Google Scholar] [CrossRef]

	



Donninger, H.; Schmidt, M.L.; Mezzanotte, J.; Barnoud, T.; Clark, G.J. Ras signaling through RASSF proteins. Semin. Cell Dev. Biol. 2016, 58, 86–95. [Google Scholar] [CrossRef]

	



Angom, R.S.; Kulkarni, T.; Wang, E.; Kumar Dutta, S.; Bhattacharya, S.; Das, P.; Mukhopadhyay, D. Vascular Endothelial Growth Factor Receptor-1 Modulates Hypoxia-Mediated Endothelial Senescence and Cellular Membrane Stiffness via YAP-1 Pathways. Front. Cell Dev. Biol. 2022, 10, 903047. [Google Scholar] [CrossRef]

	



Xu, X.; Shen, X.; Feng, W.; Yang, D.; Jin, L.; Wang, J.; Wang, M.; Ting, Z.; Xue, F.; Zhang, J.; et al. D-galactose induces senescence of glioblastoma cells through YAP-CDK6 pathway. Aging 2020, 12, 18501–18521. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.; Jin, H.; Gao, L.; Yang, X.; Wang, F.; Ding, H.; Chen, A.; Tan, S.; Zhang, F.; Shao, J.; et al. A novel lncRNA PLK4 up-regulated by talazoparib represses hepatocellular carcinoma progression by promoting YAP-mediated cell senescence. J. Cell. Mol. Med. 2020, 24, 5304–5316. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Ge, X.; Lu, J.; Bian, M.; Li, N.; Wu, X.; Li, Y.; Yan, M.; Yu, J. MiR-141-3p regulates proliferation and senescence of stem cells from apical papilla by targeting YAP. Exp. Cell Res. 2019, 383, 111562. [Google Scholar] [CrossRef]

	



Santinon, G.; Brian, I.; Pocaterra, A.; Romani, P.; Franzolin, E.; Rampazzo, C.; Bicciato, S.; Dupont, S. dNTP metabolism links mechanical cues and YAP/TAZ to cell growth and oncogene-induced senescence. EMBO J. 2018, 37, e97780. [Google Scholar] [CrossRef]

	



Jin, H.; Lian, N.; Zhang, F.; Bian, M.; Chen, X.; Zhang, C.; Jia, Y.; Lu, C.; Hao, M.; Yao, S.; et al. Inhibition of YAP signaling contributes to senescence of hepatic stellate cells induced by tetramethylpyrazine. Eur. J. Pharm. Sci. 2017, 96, 323–333. [Google Scholar] [CrossRef]

	



Xie, Q.; Chen, J.; Feng, H.; Peng, S.; Adams, U.; Bai, Y.; Huang, L.; Li, J.; Huang, J.; Meng, S.; et al. YAP/TEAD-mediated transcription controls cellular senescence. Cancer Res. 2013, 73, 3615–3624. [Google Scholar] [CrossRef]

	



Peschiaroli, A.; Dorrello, N.V.; Guardavaccaro, D.; Venere, M.; Halazonetis, T.; Sherman, N.E.; Pagano, M. SCFbetaTrCP-mediated degradation of Claspin regulates recovery from the DNA replication checkpoint response. Mol. Cell 2006, 23, 319–329. [Google Scholar] [CrossRef] [PubMed]

	



Mailand, N.; Bekker-Jensen, S.; Bartek, J.; Lukas, J. Destruction of Claspin by SCFbetaTrCP restrains Chk1 activation and facilitates recovery from genotoxic stress. Mol. Cell 2006, 23, 307–318. [Google Scholar] [CrossRef] [PubMed]

	



Reginensi, A.; Scott, R.P.; Gregorieff, A.; Bagherie-Lachidan, M.; Chung, C.; Lim, D.S.; Pawson, T.; Wrana, J.; McNeill, H. Yap- and Cdc42-dependent nephrogenesis and morphogenesis during mouse kidney development. PLoS Genet. 2013, 9, e1003380. [Google Scholar] [CrossRef]

	



Singh, S.; Bernal Astrain, G.; Hincapie, A.M.; Goudreault, M.; Smith, M.J. Complex interplay between RAS GTPases and RASSF effectors regulates subcellular localization of YAP. EMBO Rep. 2024, 25, 3574–3600. [Google Scholar] [CrossRef]

	



Ahram, M.; Sameni, M.; Qiu, R.G.; Linebaugh, B.; Kirn, D.; Sloane, B.F. Rac1-induced endocytosis is associated with intracellular proteolysis during migration through a three-dimensional matrix. Exp. Cell Res. 2000, 260, 292–303. [Google Scholar] [CrossRef] [PubMed]

	



Malecz, N.; McCabe, P.C.; Spaargaren, C.; Qiu, R.; Chuang, Y.; Symons, M. Synaptojanin 2, a novel Rac1 effector that regulates clathrin-mediated endocytosis. Curr. Biol. 2000, 10, 1383–1386. [Google Scholar] [CrossRef] [PubMed]

	



Michaelson, D.; Abidi, W.; Guardavaccaro, D.; Zhou, M.; Ahearn, I.; Pagano, M.; Philips, M.R. Rac1 accumulates in the nucleus during the G2 phase of the cell cycle and promotes cell division. J. Cell Biol. 2008, 181, 485–496. [Google Scholar] [CrossRef] [PubMed]

	



Berrozpe, G.; Schaeffer, J.; Peinado, M.A.; Real, F.X.; Perucho, M. Comparative analysis of mutations in the p53 and K-ras genes in pancreatic cancer. Int. J. Cancer 1994, 58, 185–191. [Google Scholar] [CrossRef]

	



Sun, C.; Yamato, T.; Furukawa, T.; Ohnishi, Y.; Kijima, H.; Horii, A. Characterization of the mutations of the K-ras, p53, p16, and SMAD4 genes in 15 human pancreatic cancer cell lines. Oncol. Rep. 2001, 8, 89–92. [Google Scholar] [CrossRef]

	



Amato, E.; Barbi, S.; Fassan, M.; Luchini, C.; Vicentini, C.; Brunelli, M.; Malleo, G.; Scarpa, A.; Malpeli, G. RASSF1 tumor suppressor gene in pancreatic ductal adenocarcinoma: Correlation of expression, chromosomal status and epigenetic changes. BMC Cancer 2016, 16, 11. [Google Scholar] [CrossRef]








[image: Cancers 16 03605 g001] 





Figure 1. YAP levels are regulated by Rac1. (A) Impacts of oncogenic K-RasG12D inhibition on levels of YAP in PC cells. HPAF/CD18 cells, known to express oncogenic K-RasG12D, were treated with 50 nM MRTX1133 for the indicated times. The experiment was performed in medium supplemented with either 10% FBS or 0.3% FBS. Levels of pERK, YAP, and S127-phosphorylated YAP were measured by immunoblotting. Total ERK was used as a loading control. (B) YAP levels in PC cells treated with inhibitors of oncogenic Ras effectors. HPAF/CD18 cells were treated for 16 h with inhibitors of the MAPK pathway (50 μM U0126), PI3K kinase (20 μM LY294002), Rac1 GTPase (50 μM EHT-1864), and PAK1-3 kinases (5 μM FRAX597; 20 μM IPA-3). Levels of YAP and S127-phosphorylated YAP were measured by immunoblotting. Actin was used as a loading control. (C–F) YAP levels in a panel of human pancreatic cell lines treated with different Rac1 inhibitors. The indicated cell lines were treated with EHT-1864 (50 μM), NSC23766 (100 μM), and/or Ehop-016 (20 μM). Sixteen hours later, levels of YAP and S127-phosphorylated YAP were measured. Actin was used as an internal standard. (G) The siRNA-mediated knockdown of Rac1 reduces YAP levels in PC cells. In duplicate, HPAF/CD18 cells were transfected with Rac1 siRNA (Rac1) or with a non-targeting siRNA (NT). Two days later, levels of Rac1 and YAP were measured. GAPDH was used as an internal standard. Densitometry readings for the intensity ratios of Rac1/GAPDH and YAP/GAPDH, with the value of the first NT-transfected replicate arbitrarily set to 1. The dotted line indicates a lane that was spliced out of the raw imaging data. As shown in the supplement, the two sides of the dotted line are from the same exposure of the same blot. (H) Expression of dominant negative Rac1T17N mutant reduces YAP levels in PC cells. HPAF/CD18 cells were infected for 24 h with adenoviral particles carrying no insert (Ad.CTR; 50 pfu/cell) or expressing Rac1T17N (Ad.N17Rac1; 50 pfu/cell). Forty-eight hours post-infection, levels of YAP were quantified using western blotting. Actin was used as an internal standard. The right panel shows representative images of the infected cells at 48 h post-infection (100× magnification). The dotted line indicates a lane that was spliced out of the raw imaging data. As shown in the supplement, the two sides of the dotted line are from the same exposure of the same blot. For all panels, the relevant densitometry readings for the indicated intensity ratios (pYAP/ERK, YAP/ERK, pYAP/YAP, pYAP/Actin, YAP/Actin, Rac1/GAPDH, and YAP/GAPDH) are shown below the lanes of each western blot. 
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Figure 2. Activated Rac1 mutant cooperates with E6 and E7 to up-regulate YAP levels. (A) Levels of YAP and Rac1 in a panel of PC cell lines and HPNE cells. Levels of the two proteins were quantified by immunoblotting in the indicated cell lines. GAPDH was used as an internal standard. The graph on the right correlates the protein levels of YAP and Rac1. The Spearman’s correlation coefficient (rs) is shown. Cell lines with wild-type KRAS are labeled with a blue circle and those with oncogenic KRAS have the black circles. (B) Transduction of HPNE and HPNE/E6/E7 cells with activated forms of Rac1 and BRAF. HPNE cells (PuroR) and HPNE/E6/E7 cells (PuroR, NeoR) were infected with retroviral particles carrying no insert (pLXSH, HygroR) or expressing oncogenic mutants of either BRAF (pMSCV-BRAFV600E, ZeocinR) or Rac1 (pLXSH-Myc-Rac1G12V, HygroR). After 10 days of selection for viral integration, cells were examined for differences in YAP levels and markers of senescence. (C) Oncogenic BRAF triggers oncogene-induced senescence in HPNE cells. In triplicates, selected cells were plated at low density, histochemically stained to reveal SA-β-galactosidase activity, and then counter-stained with eosin. Representative images of the stained cells are shown on the left. Scale bars are 200 μm in length. The right graph shows the percentage of senescent cells in each population expressed as a mean +/− S.D. (n = 3). * Statistically different from the other two populations in a Student’s t-test with p < 0.001. (D) Activated Rac1 cooperates with E6/E7 to elevate YAP levels in PC cells. Selected cell populations were analyzed by immunoblotting with the indicated antibodies. GAPDH was used as an internal standard. The dotted line indicates a lane that was spliced out of the raw imaging data. As shown in the supplement, the two sides of the dotted line are from the same exposure of the same blot. (E) YAP levels are slightly elevated in HPNE derivatives expressing oncogenic K-RasG12D. HPNE/E6/E7 and HPNE/E6/E7/st cells and the same expressing oncogenic K-RasG12D were analyzed for differences in levels of YAP and S127-phosphorylated YAP. Using a GST-PAK1 pulldown assay, levels of GTP-bound Rac1 (GTP-Rac1) were also measured, along with total Rac1 levels. Actin was used as an internal standard. For all panels, the relevant densitometry readings for the indicated intensity ratios (YAP/GAPDH, Rac1/GAPDH, Rac1/ERK, myc/ERK, p16/ERK, pYAP/ERK, YAP/ERK, pERK/ERK, pYAP/YAP, Rac1-GTP/Rac1, pYAP/Actin, and YAP/Actin) are shown below the lanes of each western blot. 
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Figure 3. YAP degradation after Rac1 inhibition requires the SCFβTrCP E3 ubiquitin ligase. (A) Time course of YAP decline after Rac1 inhibition. HPAF/CD18 cells were harvested at the indicated time point after the addition of EHT-1864 (50 μM). Levels of YAP and S127-phosphorylated YAP were quantified by immunoblotting. GAPDH was used as an internal standard. (B) MG132 blocks the degradation of YAP elicited by the inhibition of Rac1. After 12 h of exposure to EHT-1864 (50 μM; +) or vehicle control (−), HPAF/CD18 cells were exposed or not to MG132 (20 μg/mL) for 4 h prior to harvesting. (C) Schematic description of YAP structure showing the position and sequence of critical degrons and phosphorylation sites. Upper drawing shows the structure of YAP, including its heterodimerization domain (TEAD), WD40 domains (WW), transactivation domain (TAD), putative degrons (βTrCP1/2, FBXW7), and LATS1/2 phosphorylation sites (S61, S109, S127, S128, S131, S163, S164, and S381). Lower left panel: Sequence of the putative FBXW7 phosphodegron highlighting its consensus and its potentially required phosphoserine group (S351). Changes introduced by the S351A/P352A mutation are also shown. Lower right panel: Sequence of the βTrCP degron of YAP highlighting its consensus and its required CK1 (S384, S387) and LATS1/2 (S381) phosphorylation sites. Changes introduced by the D383A/S384A mutation are also shown. (D) Detection of the Flag-YAP proteins in retrovirally infected Panc1 cells. Panc1 cells infected with pLXSH viruses carrying no insert (Empty), Flag-tagged YAP (WT), or its various mutant versions (5SA, D383A/S384A, S351A/P352A) were analyzed for the presence of Flag-YAP. GAPDH was used as an internal control. (E) The βTrCP degron is needed for YAP degradation after Rac1 inhibition, but not the S381 LATS1/2 phosphorylation site. In duplicate, Panc1 cells expressing the different mutants of Flag-YAP were exposed to EHT-1864 (50 μM). Sixteen hours later, Flag-tagged proteins were quantified using western blotting. Again, GAPDH was used as an internal control. (F) The siRNA-mediated knockdown of Skp1 blocks YAP degradation after Rac1 inhibition. Panc1 cells were transfected with skp1 siRNA or with a non-targeting siRNA. Forty-eight hours later, transfected cells were treated with EHT-1864 (50 μM; +) or vehicle control (−) for 16 h prior to western blot analysis. (G) The siRNA-mediated knockdown of the βTrCP1/2 proteins blocks YAP degradation after Rac1 inhibition. Panc1 cells were transfected with a non-targeting siRNA or with siRNA against βTrCP1, βTrCP2, or both proteins. Forty-eight hours later, transfected cells were treated with EHT-1864 (50 μM; +) or vehicle control (−) for 16 h prior to western blot analysis. GAPDH was again used as an internal standard. For all panels, densitometry readings for the indicated intensity ratios (pYAP/GAPDH, YAP/GAPDH, Skp1/GAPDH, and FLAG/GAPDH) are shown below the lanes of each western blot. 
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Figure 4. YAP degradation after Rac1 inhibition is LATS1/2-independent but requires CK1. (A) The silencing of LATS1/2 fails to prevent YAP degradation after Rac1 inhibition. Panc1 cells were transfected with a non-targeting siRNA or with siRNA against LATS1, LATS2, or both proteins. Forty-eight hours later, transfected cells were treated with EHT-1864 (50 μM; +) or the vehicle control (−) for 16 h prior to western blot analysis. GAPDH was again used as an internal standard. (B) Detection of LATS1 and LATS2 in the LATS1/2-proficient and -deficient HeLa cells. Cells were probed with the indicated antibodies. (C,D) LATS1/2 are not needed for YAP degradation after Rac1 inhibition. LATS1/2-proficient and -deficient cells HeLa cells were exposed to 50 μM EHT-1864 (C) or the DMSO vehicle (D) for 16 h, after which YAP levels were measured. (E,F) Panc1 cells expressing the Flag-YAP protein (E) or its 5SA mutant (F) were exposed or not to CK1 inhibitor IC-261 (10 μM), after which YAP levels were measured. GAPDH was used as an internal standard. For all panels, densitometry readings for the indicated intensity ratios (pYAP/GAPDH, YAP/GAPDH, LATS1/GAPDH, and FLAG/GAPDH) are shown below the lanes of each western blot. 






Figure 4. YAP degradation after Rac1 inhibition is LATS1/2-independent but requires CK1. (A) The silencing of LATS1/2 fails to prevent YAP degradation after Rac1 inhibition. Panc1 cells were transfected with a non-targeting siRNA or with siRNA against LATS1, LATS2, or both proteins. Forty-eight hours later, transfected cells were treated with EHT-1864 (50 μM; +) or the vehicle control (−) for 16 h prior to western blot analysis. GAPDH was again used as an internal standard. (B) Detection of LATS1 and LATS2 in the LATS1/2-proficient and -deficient HeLa cells. Cells were probed with the indicated antibodies. (C,D) LATS1/2 are not needed for YAP degradation after Rac1 inhibition. LATS1/2-proficient and -deficient cells HeLa cells were exposed to 50 μM EHT-1864 (C) or the DMSO vehicle (D) for 16 h, after which YAP levels were measured. (E,F) Panc1 cells expressing the Flag-YAP protein (E) or its 5SA mutant (F) were exposed or not to CK1 inhibitor IC-261 (10 μM), after which YAP levels were measured. GAPDH was used as an internal standard. For all panels, densitometry readings for the indicated intensity ratios (pYAP/GAPDH, YAP/GAPDH, LATS1/GAPDH, and FLAG/GAPDH) are shown below the lanes of each western blot.
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Figure 5. A model for the regulation of YAP stability by Rac1 and Ras. Previous studies have revealed complex interactions between the Hippo and Ras pathways, including both positive and negative regulations of MST1/2 and LATS1/2 by the Ras oncogenes. Downstream of Ras, YAP can be activated by the AKT phosphorylation and inhibition of MST2 (Arrow #1) [54,55] or the MAPK-mediated phosphorylation of Ajuba, resulting in LATS1/2 inhibition (Arrow #2) [37]. However, oncogenic Ras can also cause the RASSF1A-dependent activation of the MST2-LATS1 complex, leading to YAP phosphorylation and inhibition (Arrow #3) [54,55,58]. These interactions are expected to impact the S381-phosphorylation of YAP, both positively and negatively. This S381 phosphorylation creates a priming site that allows the S384/S387 phosphorylation of YAP (in green) by casein kinase 1 (CK1). This phosphorylation activates a βTrCP degron (boxed) that promotes the polyubiquitination of YAP by the SCFβTrCP ligase and its degradation by the 26S proteasome. In this article, we describe a novel Rac1-regulated pathway that controls the stability of YAP (Arrow #4). This pathway operated outside of the Hippo pathway and did not require the LATS1/2 kinases or the phosphorylation of S381 to regulate YAP stability. Like the Hippo pathway, this other pathway regulated YAP stability in manners that were still dependent on both the integrity of the βTrCP degron and the kinase activity of CK1. We propose that this new pathway activates the βTrCP degron by the direct phosphorylation of S384 by a so-called “DSG” kinase. At the actin cytoskeleton (gray shaded area), the activity of this “DSG” kinase would normally be inhibited by Rac1 and its downstream effectors. Upon Rac1 inhibition, this kinase would rapidly phosphorylate S384, resulting in the CK1 phosphorylation of S387 and full activation of the degron. The existence of a so-called “DSG” kinase has been proposed before to explain the βTrCP-dependent proteolysis of Claspin [118,119]. 
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