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The prevalence of oncogenic rat sarcoma virus (RAS) mutations has made RAS a popular target for cancer
therapies. Significant discoveries have been reported regarding cancer molecular biology following the
study of RAS mutations. These discoveries are integral in shaping the era of targeted cancer therapy, with
direct targeting of RAS or downstream RAS effectors, such as Grb2 and MAPK a possibility. Novel agents
such as farnesyltransferase directly bind and sequester RAS. While these new agents and approaches have
shown promise in preclinical and clinical studies, the complexity of RAS signaling and the potential for
robust adaptive feedback continue to present substantial challenges. Therefore, the development of tar-
geted therapies will require a detailed understanding of the properties and dependencies of specific can-
cers to a RAS mutation. This review provides an overview of RAS mutations and their relationship with
cancer and discusses their potential as therapeutic targets.

Lay abstract: The widespread prevalence of cancer has focused research attention on the discovery and
development of newer therapies. Significant discoveries regarding genetic mutations have provided new
opportunities for development of targeted cancer therapies. In this review, mutations in the rat sarcoma
virus protein are discussed along with their potential as targets for drug development.
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A contributing factor to numerous human cancers is the rat sarcoma virus (RAS) protein. Some of the most
frequently detected oncogene alterations, both in animal and human cancers, are mutations in the RAS oncogene
family [1]. The RAS family of small GTPases consists of four highly related members: K-Ras 4A, K-Ras 4B, H-Ras
and N-Ras. The proteins are made in the cell cytosol and located at the inner leaflet of the plasma membrane,
where they are involved in signal transduction through multiple partners/effectors [2]. A small GTPase converts
between an active, GTP-bound conformation and an inactive, GDP-bound conformation. RAS regulates multiple
cellular processes such as proliferation, motility and gene expression [2]. It is foremost an oncogene that, when
mutated, results in uninhibited cell growth. A point-mutated RAS keeps the molecule in an active, GTP-bound
state, causing abnormal cell signaling. The RAS pathway begins with a RTK enzyme, which upon stimulation from
a molecule such as a growth factor or hormone, cross-phosphorylates itself. A series of molecules then become
phosphorylated in a cascade of events. Active RAS controls PI3K and AKT as well as MAPK. The MAPK cascade
consists of serine/threonine kinases, which convert extracellular molecules such as growth factors, hormones,
tumor-promoting substances and differentiating factors, into intracellular signals for regulating cell proliferation,
differentiation and survival [2]. The phosphorylated Raf1, an MAP3K, in turn activates MEK [3]. The guanine
nucleotide exchange factors (GEFs) carry GTP to the RAS molecule, which becomes activated upon the changing
of GDP for GTP [4]. The RAS-GEF gene was first discovered in 1992 [5]. RAS mutations also cause an accumulation
of reactive oxygen species, leading to DNA damage in cells. The cell checkpoint feature that typically inhibit cells
with DNA damage from proceeding to mitosis does not function in the light of the RAS mutation, allowing
genetically injured cells to proceed through the G1 and G2 phases of cell growth. The cells that lack the p53 tumor
suppressor gene are particularly affected by these consequences of RAS mutations, as p53 functions against the
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RAS oncogene [6]. It has been determined that RAS mutations are more prevalent in certain cancers but less likely
associated with others, such as breast cancer [3]. Instead, most breast cancers, including ductal and lobular, are
characterized by overexpression of the RAS protein [3].

The H-RAS and K-RAS genes were the first to be identified in rats from the Harvey sarcoma virus and the
Kirsten sarcoma virus, respectively [7,8]. Therefore, the term RAS is derived from rat sarcoma. The N-RAS gene
was discovered in human neuroblastoma cells in the 1980s. The K-RAS gene stimulates a cascade of proteins that
activates cellular anti-apoptotic activity, therefore promoting cell growth. The PKB/AKT pathway is one such
protein cascade that, when activated, phosphorylates the Bad protein, which in turn inhibits cellular apoptosis [3].
However, the mutant K-RAS gene produces high levels of the P19ARF tumor suppressor gene that activates the p53
tumor suppressor gene, which leads to cellular apoptosis. Thus, K-RAS has opposing functions. K-RAS is activated
in a large number of cancers, while H-RAS and N-RAS are only activated in certain cancers such as melanomas
and carcinomas [9]. Colon, pancreatic and lung cancers are prime examples for K-RAS mutations. It has been
determined through research using carcinogen-induced tumor mouse models that both K-RAS and H-RAS have
nearly equivalent tumor-causing properties [4]. In a colon cancer mouse model, K-RAS, and not N-RAS, was able
to proliferate epithelial colon cancer [10].

RAS protein
All mammalian cells express three closely related RAS proteins: H-RAS, K-RAS and N-RAS. These promote
oncogenesis when they are mutationally activated at codon 12, 13 or 61 [8]. Although the isoforms exhibit a high
degree of similarity, K-RAS has been shown to be the most frequently mutated isoform in most cancers; for example,
90% of pancreatic tumors harbor K-RAS mutations. By contrast, N-RAS mutations are strongly associated with
hematopoietic tumors [9]. These proteins are GTPases that function as molecular switches in regulating pathways
that are responsible for proliferation and cell survival [10].

In a study performed using human T-cells, it was determined that Tax-positive cells had high levels of RAS-
GTP [11]. RAS-GTP activates the anti-apoptotic activity of Tax by interfering with the mitochondrial apoptotic
pathway. Tax, armed with this anti-apoptotic ability, survives to convert normal cells into cancer cells and promote
abnormal cell growth. In this same study, the RAS antagonist farnesyl thyosalicylic acid was applied to the T-cells.
Farnesyl thyosalicylic acid deactivates RAS-GTP into RAS-GDP. It was apparent that the apoptotic activity of Tax
increased in correlation with more significant levels of inactive RAS-GDP [11].

Tax interacts with and inhibits GAP, which is a RAS GTP-ase activating protein. The GTP-ase hydrolyzes RAS-
GTP (active form) into RAS-GDP (inactive form). The inactivity of GAP results in a buildup of RAS-GTP. The
accumulation of active RAS-GTP promotes the anti-apoptotic nature of Tax, thereby making cells more resistant to
chemotherapy. The Tax protein is a significant reason why cancerous T-cells are resistant to chemotherapy treatment,
due to the apoptotic-resistance factor. Approximately 30% of all human tumors express a mutant form of RAS
that is locked in the active form as result of being insensitive to GAPs [12]. Furthermore, GAPs act exclusively on
normal, nononcogenic RAS proteins in RAS-transformed cells. This leads to the buildup of active RAS-GTPases.
An additional accumulation of GEFs allows for the removal of GDP and the addition of GTP to RAS, which can
then hyper-activate downstream proteins in its pathway [13]. Phosphorylated, activated ERK protects human T-cells
with Tax from apoptosis. In a study carried out on human T-cells, it was reported that the Tax-expressing cells
have high levels of RAS-GTP (active form) and that RAS-GTP contributes to Tax-mediated apoptosis protection.
Treatment of cells with a RAS antagonist decreased their apoptotic resistance and treatment was also accompanied
by a reduction of both RAS-GTP and phosphorylated ERK1/2 [11]. The results in this study indicated RAS as a
possible target for adult T-cell leukemia and lymphoma therapy [11].

RAS oncogene & human cancer
Numerous other hematopoietic disorders feature deregulated RAS signaling, which is caused by irregular GAPs that
abnormally change RAS-GTP into RAS-GDP. The various cancers related to RAS mutations include non-small-cell
lung carcinoma, colorectal carcinoma and pancreatic carcinoma. For K-RAS, they are caused by a substitution of the
amino acid glycine by aspartate or valine at codon 12 and by aspartate at codon 13 on the exon 1 fragment of the
K-RAS gene. The K-RAS mutations are present in a significant amount of colorectal cancers, while N-RAS mutations
are only present in a small amount of cancers. Both K-RAS and N-RAS mutations affect codons 12, 13 and 61
in colorectal cancer [14]. The RAS mutations at these sites commonly inhibit binding between RAS and GAPs,
thus preventing GTP hydrolysis [4]. In mice, it has been shown that acute myeloid leukemia may be induced
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through oncogenic K-RAS as well as a deficiency of the Nf1 gene [15]. Furthermore, RASA3, which is a Ras-GTPase
activating gene located at the plasma membrane close to RAS, has been shown to cause various cancers in mice
and humans when it is inactivated, causing a buildup of active RAS-GTP [16]. These cancers include glioblastoma,
squamous-cell carcinoma and abdominal cavity sarcoma. In a study done in oral squamous cell carcinoma cells, it
was confirmed that fibroblast activating protein is expressed and ERK signaling is a pathway that stimulates cell cycle
signaling to promote cell proliferation [17]. ERK1 and ERK2 are important proteins in the RAS pathway that, when
activated, signal to melanoma growth genes and proteins to activate. The cellular apoptosis susceptibility (CAS)
protein, located on the 20q13 region of the chromosome, is overexpressed in melanoma [18]. The RAS pathway
is responsible for the phosphorylation and activation of CAS in melanoma and functions in the distribution of
phosphorylated CAS in the cellular cytoplasm. In a study done to test the relation between the CAS and the RAS
pathway, the B16F10 melanoma cell line overexpressing RAS was used [18]. The results of the study concluded
that melanoma cells featuring RAS mutations had an increase in phosphorylated, active CAS protein distribution
to the cytoplasm of the cells. The phosphorylation of the ERK protein was regulated by CAS as well [18]. While
many treatment options for malignant melanoma are short lived, targeting RAS downstream pathway proteins
and related melanoma growth proteins such as CAS should be further studied [18]. In a study conducted with
human fibroblasts transfected with H-RASV12 (mutation at position 12 replacing amino acid glycine with valine)
expressing cells, premature senescence (loss of cells power of division and growth) is associated with cellular redox
imbalance as well as with altered post-translation protein modification [19].

Ovarian cancers of the epithelial tissue form are linked to RAS mutations as well. There is evidence of K-
RAS mutations, varying in the degree of prevalence, in ovarian carcinomas and borderline tumors, varying in the
degree of prevalence in these cancers. Studies suggest that K-RAS mutations are a common early occurrence in
ovarian tumor formation [20]. K-RAS mutations then stimulate the RAS downstream cellular signaling pathway. Type
1 ovarian cancers typically exhibit K-RAS mutations, while type 2 ovarian cancers do not exhibit RAS mutations
but are associated with mutations in TP53 gene [21]. Hepatocellular carcinoma is another cancer of interest with
regards to RAS mutation and the RAS pathway dysfunction. Numerous downstream molecules in the RAS pathway
have been found to be activated in hepatocellular carcinoma [22]. A significant amount of cases of hepatocellular
carcinoma are attributed to a B-Raf gene mutation or deletion, which subsequently activates an oncogenic RAS, as
well as K-RAS, H-RAS and N-RAS mutations [4].

RAS mutations as a target for cancer therapy
The prevalence of oncogenic RAS mutations has made RAS a popular target for cancer therapies. Significant
discoveries are reported regarding cancer molecular biology as a result of the study of oncogenic RAS mutations.
These have been integral in shaping the era of targeted cancer therapy. RAS mutations are one of the most common
oncogenic drivers in human cancer and there are ongoing efforts to find a clinically effective Ras inhibitor [23]. RAS
genes are the some of the most commonly mutated oncogenes in cancer, but effective therapeutic strategies to target
RAS-mutant cancers have proven elusive [24]. The direct inhibition of RAS proteins has proved difficult, which
has led researchers to test alternative strategies that target RAS effectors [24]. RAS is a small guanine nucleotide-
binding protein that regulates the state of signal transduction pathways central to cell growth, proliferation and
survival [25,26]. It switches between active and inactive signaling states, depending on if it is in GTP- or GDP-bound
state, respectively. A structural study has taught that guanosine nucleotides dictate these states primarily by altering
the conformation of two dynamic loops within the RAS proteins called switch I and switch II [27]. Furthermore, the
most common RAS mutations occur at codons 12, 13 and 61. These mutations surround the guanine nucleotide-
binding pocket suggesting that the most common mechanism by which activating RAS mutations function is to
influence aspects of how nucleotides interact with RAS, be it binding, exchange, hydrolysis or control of protein
dynamics [27]. If the mechanisms that underlie the functional classes of RAS mutations can be defined, it follows
that strategies to address these classes may be customized [27].

The RAS-MAPK pathway, however, proves evasive to numerous drug treatments, as there are many molecules
related to RAS and effective targeting can prove difficult. Drug discovery efforts have been primarily focused in four
areas: direct inhibition of RAS, blocking enzymes that catalyze post-translational modifications of RAS and that are
essential for membrane targeting, developing inhibitors of downstream effectors and searching for synthetic lethal
interactors of mutant RAS [28,29]. Furthermore, patient responsiveness to numerous therapies can be transient.

Existing treatments include the drug Salirasib, which directly inhibits RAS by removing the molecule from the
cellular membrane to which it is bound. In addition to this removal, the RAS downstream pathway and related
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pathways are also inhibited and the amount of intracellular RAS levels decline [4]. Despite the existence of treatments
such as Salirasib, unique approaches to targeting RAS are still being studied. Drug combination therapy is one
such approach that is being tested as an efficient treatment. One study has demonstrated that the combination of
poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors as well as MEK inhibitors is an effective drug
combination therapy [8]. Both inhibitors function harmoniously to induce cellular apoptosis in tumors exhibiting
RAS mutations. The effectiveness of the PARP and MEK drug combination therapy was tested using ovarian cancer
cell lines. It was further determined through the study that the presence or absence of p53 mutations in the cancerous
cells did not alter the efficacy of PARP and MEK drugs in combination [8]. Trametinib, which is a MEK inhibitor,
proved to be more successful in treating cancer compared with traditional chemotherapy [4]. Other MEK inhibitor
drugs include Cobimetinib, Cetuximab, Selumetinib and Pimasertib. These drugs are being tested in combination
with each other for efficacy. Selumetinib and Cetuximab were tested together in patients with K-RAS-related
colorectal cancer with good results [4]. In other treatment methods, competitive inhibitors are used to counteract
the downstream proteins of the RAS pathway, such as MAPK, Raf kinase and phosphoinositide 3-kinase. Proteins
such as the receptor tyrosine kinase EGF activate oncogenes in the Ras signaling pathway, which subsequently
express proteins such as Grb2. EGF persists in many breast and ovarian cancers [30]. Grb2 is a downstream effector
in the Ras signaling pathway that is a potential antitumor drug therapy target. Grb2 may be inhibited from either
its SH2 or SH3 domains [30]. Additionally, isoprenyltransferases are targeted through anticancer treatments, as
these molecules are essential in the binding of RAS to cellular membranes. Preventing the binding of RAS to the
plasma membrane of cells could potentially cause inactivation. Farnesyltransferase, which may bind to RAS in cells,
is growing in its popularity as an anticancer treatment [26,31–33]. Issues that are hindering the research progress in
the field of RAS include the use of cell lines and mouse models to test RAS-inhibiting drugs. Mouse models do
not provide an accurate representation of human cancer. Instead, organoids, which are small-scale tissues, can be
used to study human tumors, as they are grown from cancer patients. Colorectal cancer organoid tissue can be
used to test the effectiveness of drug combinations that inhibit effectors in the downstream RAS pathway. Research
using organoids of K-RAS-related colon cancer showed that drug combination therapy of Afatinib and Selumetinib
was partially successful in K-RAS-mutated colon cancer [34]. The tumor failed to grow due to cell cycle inhibition;
however, the tumor cells did not die. This same combination tested on normal, nonmutated K-RAS organoid tissue
yielded more successful results, with cell cycle arrest as well as tumor cell death [34]. RAS targeting is a continuing
effort among researchers. The NIH has been focusing on RAS for the past few years [9]. The discoveries of genetic,
genomic and clinical biomarkers have helped the development of personalized medicine [35]. Personalized medicine
allows the treatment of disease by optimizing response to therapy and maximizes the therapeutic outcome with low
or no toxicity. The identification of K-RAS as a clinical biomarker and potential therapeutic target has attracted
the scientific community to develop an effective and precise anticancer drug. Inhibitors which block farnesylation
of Ras have been developed or are under clinical trial studies [35]. Tipifarnib, approved by the US FDA for the
treatment of elderly acute leukemia, is a Ras pathway inhibitor [35].

Conclusion
The frequency of RAS mutations is among the highest for any gene in human cancers and development of inhibitors
of Ras-mitogen activated protein kinase pathway as potential anticancer agents is a very promising pharmacologic
strategy. Personalized medicine allows for the treatment of patient by optimizing therapeutic outcome and lowering
toxicity. Personalized medicine is possible due to genetic, genomic and clinical biomarker development. The latest
advances in the understanding of RAS biology have led to new opportunities for directly targeting RAS or to more
effectively target key RAS effectors. While these new agents and approaches have already shown promising results
in preclinical and clinical studies, the complexity of RAS signaling and the potential for robust adaptive feedback
continues to present substantial challenges. Therefore, the development of targeted therapies will require a detailed
understanding of the properties and dependencies of specific cancer to RAS mutation.

Future perspective
Developments of newer cancer therapies require identification of novel targets. As personalized medicine allows
treatment of the patient by optimizing the therapeutic outcome and lowering toxicity, further research in the area
of RAS mutations will progress in the coming years.
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Executive summary

• Prevalence of RAS (rat sarcoma virus) protein mutations has provided a popular target for the development of
novel cancer therapeutics.

• Mutations in the RAS protein in the different types of cancers are discussed.
• Latest advances in the understanding of RAS biology have led to new opportunities for directly targeting RAS in

the development of newer cancer therapeutics.

Financial & competing interests disclosure

The author has no relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial

conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria, stock

ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Open access

This work is licensed under the Creative Commons Attribution 4.0 License. To view a copy of this license, visit http://creativecomm

ons.org/licenses/by/4.0/

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1. Bos JL. Ras oncogenes in human cancers. Cancer Res. 49, 4682–4689 (1989).

2. Yang S, Liu G. Targeting the RAS/Raf/MEK/ERK pathway in hepatocellular carcinoma. Oncol. Lett. 13, 1041–1047 (2017).

3. Rajasekharan SK, Raman T. Ras and Ras mutations in cancer. Cent. Eur. J. Biol. 8(7), 609–624 (2013).

4. Kiessling MK, Rogler G. Targeting the RAS pathways by mitogen-activated protein kinase inhibitors. Swiss Med. Wkly 145(Dec.), 1–9
(2015).

5. Malumbres M, Barbacid M. RAS oncogenes: the first 30 years. Nature 3, 7–13 (2003).

6. Kopnin PB, Agapova LS, Kopnin BP, Chumakov PM. Repression of sestrin family genes contributes to oncogenic ras-induced reactive
oxygen species up-regulation and genetic instability. Cancer Res. 67(10), 4671–4680 (2007).

7. Harvey JJ. An unidentified virus which causes the rapid production of tumours in mice. Nature 204, 1104–1105 (1964).

8. Kirsten WH, Schauf V, McCoy J. Properties of a murine sarcoma virus. Bibl. Haematol. 36, 246–249 (1970).

9. Sun C, Fang Y, Yin J et al. Rational combination therapy with PARP and MEK inhibitors capitalizes on therapeutic liabilities in RAS
mutant cancers. Sci. Trans. Med. 9(392), 1–18 (2017).

• Clinical investigation in patients using rational combination therapy.

10. Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in cancer. Cancer Res. 72(10), 2457–2467 (2012).

• Review of genetic mutations in rat sarcoma virus (RAS) protein.

11. Stoppa G, Rumiato E, Saggioro D. Ras signaling contributes to survival of human T-cell leukemia/lymphoma virus type 1 (HTLV-1)
Tax-positive T-cells. Apoptosis 17, 219–228 (2012).

• Study relating interaction between Tax and RAS. RAS as a potential target for therapeutic intervention in adult T-cell
leukemia/lymphoma.

12. Schurmans S, Polizzi S, Scoumanne A et al. The Ras/Rap GTPase activating protein RASA3: from gene structure to in vivo functions.
Adv. Biol. Regul. 57, 153–161 (2015).

• Screening in animal models has shown that RASA3 inactivation leads to RAS over activation.

13. Milburn MV, Tong L, Devos AM et al. Molecular switch for signal transduction: structural differences between active and inactive forms
of protooncogenic ras proteins. Science 247(4945), 939–945 (1990).

•• Biological and biochemical changes of the protein due to oncogenic mutations.

14. Vagaja NN, Parry J, McCallum D et al. Are all RAS mutations the same? Coexisting KRAS and NRAS mutations in a caecal
adenocarcinoma and contiguous tubulovillous adenoma. J. Clin. Pathol. 68, 657–660 (2015).

15. Cutts BA, Sjogren AK, Andersson KM et al. Nf1 deficiency cooperates with oncogenic K-Ras to induce acute myeloid leukemia in mice.
Blood 114, 3629–3632 (2009).

16. Merechal Y, Pesesse X, Jia Y et al. Inositol 1,3,4,5-tetrakisphophate controls proapoptotic Bim gene expression and survival in B cells.
Proc. Natl Acad. Sci. USA 104, 13978–13983 (2007).

17. Wang H, Wu Q, Liu Z et al. Downregulation of FAP suppresses cell proliferation and metastasis through PTEN/PI3K/AKT and
Ras-ERK signaling in oral squamous cell carcinoma. Cell Death Dis. 5, e1155 (2014).

future science group www.future-science.com

http://creativecommons.org/licenses/by/4.0/


Review Murdande

18. Wu P, Yeh C, Chang C et al. Oncogenic Ras expression increases cytoplasmic distribution and phosphorylation of CSE1L in B16F10
melanoma cells. Int. J. Clin. Exp. Pathol. 9(10), 9889–9897 (2016).

• Relation of RAS activation and phosphorylation of cellular apoptosis susceptibility in melanoma cells.

19. Armeni T, Ercolani L, Urbanelli L et al. Cellular redox imbalance and changes of protein S-glutathionylation patterns are associated with
senescence induced by oncogenic H-ras. PLoS ONE 7(12), e52151, 1–14 (2012).

20. Bell D. Origins and molecular pathology of ovarian cancer. Mod. Pathol. 18, S19–S32 (2005).

21. Kurman RJ, Shih IM. Molecular pathogenesis and extraovarian origin of epithelial ovarian cancer-Shifing the paradigm. Human Pathol.
42, 918–931 (2011).

22. Newell P, Toffanin S, Villanueva A et al. Ras pathway activation in hepatocellular carcinoma and anti-tumoral effect of combined
sorafenib and rapamycin in vivo. J. Hepatol. 51(4), 725–733 (2009).

23. Scott AJ, Lieu CH, Messersmith WA. Therapeutic approaches to RAS mutation. Cancer J. 22(3), 165–174 (2016).

24. Ryan MB, Corcoran RB. Therapeutic strategies to target RAS-mutant cancers. Nature Rev. Clin. Oncol. 15(11), 709–720 (2018).

25. Scolnick EM, Papageorge AG, Shih TY. Guanine nucleotide-binding activity as an assay for src protein of rat-derived murine sarcoma
viruses. Proc. Natl Acad. Sci. USA 76(10), 5355–5359 (1979).

26. Schwab M, Alitalo K, Varmus HE, Bishop JM, George D. A cellular oncogene (c-Ki-ras) is amplified, overexpressed, and located within
karyotypic abnormalities in mouse adrenocortical tumour cells. Nature 303(5917), 497–501 (1983).

27. Montalvo SK, Li L, Westover KD. Rationale for RAS mutation-tailored therapies. Fut. Oncol. 13(3), 263–271 (2017).

28. Cox AD, Fesik SW, Kimmelman AC et al. Drugging the undruggable RAS: mission possible? Nat. Rev. Drug Discov. 13, 828–851 (2014).

29. Diaz-Flores E, Shannon K. Targeting oncogenic Ras. Genes Dev. 21, 1989–1992 (2007).

30. Garbay C, Liu W, Vidal M, Roques BP. Inhibitors of RAS signal transduction as antitumor agents. Biochem. Pharmacol. 60, 1165–1169
(2000).

31. Ding H, McDonald JS, Yun S et al. Farnesyltransferase inhibitor tipifarnib inhibits Rheb prenylation and stabilizes Bax in acute
myelogenous leukemia cells. Haematologica 99(1), 60–69 (2014).

32. Dehghan-Paz I, Il’yasova D, van Golen KL, Usha L. Tipifarnib and farnesyltransferase inhibitors in the treatment of inflammatory breast
cancer: is the story over? A review. Orphan Drugs: Res. Rev. 3, 11–21 (2013).

33. Bele D, Dumea C, Samson A et al. New farnesyltransferase inhibitors in the phenothiazine series. Bioorg. Med. Chem. Lett. 22(14),
4517–4522 (2012).

34. Verissimo CS, Overmeer RM, Ponsioen B et al. Targeting mutant RAS in patient-derived colorectal cancer organoids by combinatorial
drug screening. Elife 5, e18489 (2016).

•• Screening for colorectal cancer treatment via inhibition of RAS pathway.

35. Asanti V, Mahapatra DK, Bharti SK. K-Ras and its inhibitors toward personalized cancer treatment: pharmacological and structural
perspectives. Eur. J. Med. Chem. 125, 299–314 (2017).

•• Focuses on K-Ras mutations as a therapeutic target for the development of anticancer agents.

Future Sci. OA (2020) 6(4) future science group



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


