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ABSTRACT
RAS genes are cardinal driver oncogenes frequently and differentially mutated across bodily tumors. Their tumorigenic potential has been mainly ascribed to autonomous promotion of tumor cell proliferation and survival. However, recent evidence shows that RAS oncogenes also function to define metastatic tropism. Interestingly, RAS-driven metastasis is mediated by distinct chemokine sets that signal to endothelial and myeloid cells.
Word count, abstract: 60.



AUTHORS‘ VIEW
RAS oncogenes encoding RAS proto-oncogene GTPase proteins, including KRAS, NRAS, and HRAS, have been coined “public enemy number one” and have triggered a headhunt to target RAS-mutant cancers (https://www.cancer.gov/research/key-initiatives/ras) for several important reasons discussed below. It has been known for decades that RAS mutations fire intracellular signals along the extracellular regulated kinase (ERK), phosphoinositide 3-kinase (PI3K), and other growth-promoting pathways, which culminate in enhanced cellular proliferation and sustained survival (1). This knowledge, however, has not yielded effective therapies, implying that there is more to RAS signaling than mere cell-autonomous effects: KRAS-targeted therapies such as inhibition of its post-translational modification (farnesylation, proteolytic cleavage, methylation, etc.), have failed in clinical trials and drug screens have not yielded effective anti-KRAS compounds (2). While novel molecularly-designed RAS inhibitors are emerging (2), earlier work showed RAS oncogenes to reach beyond the cellular confines and to initiate tumor-to-host interactions (3), suggesting that we might need to shift our focus in order to effectively combat RAS oncogenes. 
RAS proto-oncogenes are very frequently mutated across the various human cancers (1). Interestingly and for unknown reasons, the three main RAS isoforms (KRAS, NRAS, and HRAS) are differentially altered across different tumor types (Figure 1A). While an elegant mechanistic study identified that the genomic context rather than the coding regions of RAS genes determines which isoform suffers mutations by defined environmental carcinogens (4), and while codon bias is believed to underlie to a large part the uneven distribution of RAS isoform mutations across tumor types (1, 5), it is a common pearl that the embryonic origin of a given cancer type largely predicts which RAS isoform is predominantly mutated. To this end, our unpublished analyses of global data obtained from the catalogue of somatic mutations in cancer COSMIC (http://cancer.sanger.ac.uk/cosmic) indicate that KRAS and NRAS are predominantly altered in cancers of endodermal and ectodermal origin, respectively, while HRAS mutations occur evenly across tumors originated from all three embryonic layers (Figure 1B). 
Importantly, the presence of RAS mutations is a predictor of poor survival for patients with several tumor types. This is largely due to the association of RAS mutations with the presence of metastases at diagnosis and with inherent or acquired resistance to chemo-, radio-, or molecular-based therapies (1, 6, 7). In this regard, NRAS mutations are very common in highly metastatic cancers such as metastatic tumors of unknown primary site and melanomas (http://cancer.sanger.ac.uk/cosmic) and KRAS mutations are known to be associated with therapy resistance in lung, colon, and pancreatic adenocarcinoma (1). Despite significant efforts, defined links between RAS isoform mutations and metastatic patterns remained obscure. In addition, the mechanism(s) of RAS mutation-mediated therapy resistance are under continuous scrutiny in order for researchers to provide future strategies for cure (1). 
We recently described how KRAS and NRAS mutations promote two distinct metastatic phenotypes of cancer. KRAS mutations were functionally shown to promote the development of malignant pleural effusions (MPE) in mice (8), explaining the clinical propensity of KRASG12V-mutant lung adenocarcinomas to metastasize to the pleural and pericardial cavities of humans (6). In a simultaneous publication, NRAS mutations were pinned as pivotal determinants of incipient pulmonary colonization in mouse models (9), explaining the increased metastatic propensity of NRAS-mutant human cancers (http://cancer.sanger.ac.uk/cosmic). These were the first pieces of evidence functionally linking alterations of different RAS isoforms with distinct organotropic metastasis patterns, bearing implications for staging and follow-up of patients with various tumor types.
An interesting aspect of the findings was the predominantly paracrine function of mutant RAS oncogenes unraveled by both studies. Mutant KRAS signaling was found to promote secretion of C-C-motif chemokine ligand 2 (CCL2) by tumor cells, which in turn functioned to mobilize mononuclear myeloid cells to the pleural space via the spleen (8). In contrast, NRAS-mutant tumors were found to predominantly overexpress neutrophil chemoattractant chemokines of the interleukin-8 family such as murine C-X-C-motif chemokine ligand 5 (CXCL5) and pro-platelet basic protein (PPBP) and human CXCL6, which signaled to their cognate receptors on pulmonary endothelial and myeloid cells to form the pulmonary metastatic niche (9). Though NRAS appeared to be dispensable for primary tumor growth and blood-borne dissemination of tumor cells, it was required and sufficient for pulmonary homing of circulating tumor cells (9). The paracrine mode of action of RAS oncogenes in these studies was druggable by chemokine ligand or receptor inhibition, which prevented or even halted established metastatic phenotypes, lending hope for future indirect targeting of RAS functions.
The new findings bear important implications for therapy. If RAS mutations selectively drive metastasis phenotypes, drug screens based on cell proliferation as the read-out may not be optimal for the identification of effective RAS inhibitors. Indeed, results from our laboratory indicate that widely used in vitro cell proliferation assays cannot distinguish the response of cancer cells with wild-type KRAS alleles to KRAS-specific inhibitors from that of KRAS-mutant tumor cells (KAMA, unpublished data). However, nuclear factor-κΒ signalling appears to be completely altered in KRAS-mutant cancer cells and seems to be a better read-out to test drug sensitivity of these tumors (AM, unpublished data). Moreover, the findings stress that inflammatory RAS signaling may be a lucrative addiction partner and therapeutic target that is selectively at play in the in vivo setting. In our hands, KRAS-specific drugs exert significant anti-metastatic effects in vivo, which are not identifiable in culture systems (KAMA, unpublished data). This is in line with findings of others that question the omnipotent dependency of cultured cancer cells on mutant RAS and propose a “RAS dependency index” to assign responsiveness to RAS inhibition, showing how weak in vitro cell-based drug screenings might be in identifying RAS inhibitors (10). It remains to be seen whether RAS inhibition exerts synergy with chemokine ligand/receptor inhibitors in the battle to target RAS-mutant cancers. As novel molecularly-designed anti-RAS drugs emerge (1, 2), direct testing of their effects on intracellular and paracrine signaling pathways becomes possible, which will hopefully yield further insights into how mutant RAS oncogenes co-opt the cell’s survival and secretory machinery. 
In conclusion, we recently identified two novel host-mediated pathways used by RAS oncogenes to metastasize to the lungs and the pleura. The findings will hopefully contribute to improved drug screens, tailored patient follow-up based on tumor genotype status, and effective combinatorial therapeutic strategies in the future.

FUNDING
The research of the authors was supported by European Research Council Starting Independent Investigator Grant #260524 and Proof of Concept Grant #679345 (to GTS).


REFERENCES
1. Stephen AG, Esposito D, Bagni RK, McCormick F. Dragging ras back in the ring. Cancer Cell. 2014;25(3):272-281. doi: 10.1016/j.ccr.2014.02.017. 
2. Vasan N, Boyer JL, Herbst RS. A RAS renaissance: emerging targeted therapies for KRAS-mutated non-small cell lung cancer. Clin Cancer Res. 2014;20(15):3921-3930. doi: 10.1158/1078-0432.CCR-13-1762.
3. Sparmann A, Bar-Sagi D. Ras-induced interleukin-8 expression plays a critical role in tumor growth and angiogenesis. Cancer Cell. 2004;6(5):447-458. 10.1016/j.ccr.2004.09.028.
4. To MD, Wong CE, Karnezis AN, Del Rosario R, Di Lauro R, Balmain A. Kras regulatory elements and exon 4A determine mutation specificity in lung cancer. Nat Genet. 2008;40(10):1240-1244. doi: 10.1038/ng.211.
5. Lampson BL, Pershing NL, Prinz JA, Lacsina JR, Marzluff WF, Nicchitta CV, MacAlpine DM, Counter CM. Rare codons regulate KRas oncogenesis. Curr Biol. 2013;23(1):70-75. doi: 10.1016/j.cub.2012.11.031.
6. Renaud S, Seitlinger J, Falcoz PE, Schaeffer M, Voegeli AC, Legrain M, Beau-Faller M, Massard G. Specific KRAS amino acid substitutions and EGFR mutations predict site-specific recurrence and metastasis following non-small-cell lung cancer surgery. Br J Cancer. 2016;115(3):346-353. doi: 10.1038/bjc.2016.182.
7. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, Chen Z, Lee MK, Attar N, Sazegar H, et al. Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature. 2010;468(7326):973-977. doi: 10.1038/nature09626.
8. Agalioti T, Giannou AD, Krontira AC, Kanellakis NI, Kati D, Vreka M, Pepe M, Spella M, Lilis I, Zazara DE, et al. Mutant KRAS promotes malignant pleural effusion formation. Nat Commun. 2017;8:15205. doi: 10.1038/ncomms15205. 
9. Giannou AD, Marazioti A, Kanellakis NI, Giopanou I, Lilis I, Zazara DE, Ntaliarda G, Kati D, Armenis V, Giotopoulou GA, et al. NRAS destines tumor cells to the lungs. EMBO Mol Med. 2017;9(5):672-686. doi: 10.15252/emmm.201606978. 
10. Singh A, Greninger P, Rhodes D, Koopman L, Violette S, Bardeesy N, Settleman J. A gene expression signature associated with "K-Ras addiction" reveals regulators of EMT and tumor cell survival. Cancer Cell. 2009;15(6):489-500. doi: 10.1016/j.ccr.2009.03.022.


FIGURE LEGEND
Figure 1. Novel paracrine RAS functions in metastatic cancers. (A) KRAS, NRAS, and HRAS mutation frequencies across the most frequent bodily tumors, by site. Data are from the Catalogue of Somatic Mutations in Cancer (COSMIC), assessed on 05/06/2017 at http://cancer.sanger.ac.uk/cosmic using keywords KRAS, NRAS, and HRAS. The low probability value (P, two-way analysis of variance) indicates the significant differences in RAS mutation frequencies between different cancer types. NS, primary tumor site not specified indicates highly metastatic tumors of unknown primary. (B) KRAS, NRAS, and HRAS mutation frequencies of all bodily tumors, by embryonic origin. COSMIC mutation rates were pooled by embryonic layer and mutation frequencies were calculated. COSMIC sites adrenal gland, autonomic ganglia, breast, central nervous system, eye, penis, pituitary, skin, vagina, and vulva were considered ectodermal; bone, kidney, meninges, ovary, parathyroid, pericardium, peritoneum, pleura, soft tissue, and urinary tract mesodermal; and billiary tract, cervix, endometrium, gastrointestinal tract (site indeterminate), genital tract, large intestine, liver, lung, oesophagus, pancreas, prostate, salivary gland, small intestine, stomach, thyroid, and upper aerodigestive tract endodermal. The low probability value (P, χ2 test) indicates the significant differences in RAS mutation frequencies between tumors of different embryonic origin. (C) Distinct chemokine-mediated paracrine effects of KRAS and NRAS proposed by publications (9) and (10). Note the overlapping existence of the two mutations in some tumor cell lines identified by these and other studies (5). CCL and CCR, C-C-motif chemokine ligand and receptor, respectively; CXCL and CCR, C-X-C-motif chemokine ligand and receptor, respectively; PPBP, pro-platelet basic protein. 
1

