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Abstract

The RAS family of oncoproteins has been studied extensively for almost three decades. While we
know that activation of RAS represents a key feature of malignant transformation for many
cancers, we are only now beginning to understand the complex underpinnings of RAS biology.
Here, we will discuss emerging cancer genome sequencing data in the context of what is currently
known about RAS function. Taken together, retrospective studies of primary human tissues and
prospective studies of experimental models support the notion that the variable mutation
frequencies exhibited by the RAS oncogenes reflect unique functions of the RAS oncoproteins.
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INTRODUCTION

Genes encoding the RAS oncoproteins were originally discovered four decades ago in
transforming retroviruses that induce sarcomas in rats (Harvey, 1964; Kirsten et al., 1970).
Mammalian homologues of these viral oncogenes (referred to as proto-oncogenes) were
identified a decade later (Chang et al., 1982). Shortly thereafter, mutationally activated
forms of Harvey-RAS (HRAS) and Kirsten-RAS (KRAS) were isolated from human bladder
and lung cancer cell lines, respectively (Der et al., 1982; Parada et al., 1982; Santos et al.,
1982). A third member of the RAS oncogene family, NRAS was later isolated from a
neuroblastoma cell line (Shimizu et al., 1983).

The three RAS proto-oncogenes encode four 21 kDa monomeric GTPases (H-RAS, N-RAS,
K-RAS4A, and K-RAS4B) that act as molecular binary switches, being con-formationally
activated when they are bound to GTP and subsequently inactivated when they hydrolyze
GTP to GDP. Wild-type forms of RAS have low intrinsic GTPase activity, and thus rely on
GTPase activating proteins (GAPs) to efficiently hydrolyze GTP. Guanine nucleotide
exchange factors (GEFs) facilitate the reloading of GDP-bound RAS with GTP. The
regulation of wild-type RAS function by GEFs and GAPs has been reviewed extensively
(Henis et al., 2009; Mor and Philips, 2006; Plowman and Hancock, 2005; Quinlan and
Settleman, 2009). In this review, we will instead focus on (1) the biological consequences of
mutational activation of RAS, (2) insights from emerging large scale sequencing projects,
and (3) existing evidence for functional differences among the RAS family members.
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RAS signaling in general terms

Cancer-associated activating mutations in RAS render it resistant to GAPs, essentially
eliminating its catalytic activity and freezing the oncoprotein into its signal propagating
structural conformation. This mode of oncogenic activation - disabling the enzymatic
activity - distinguishes RAS from oncogenic kinases, for example EGFR or B-RAF, which
are typically mutated to produce a hyperactive enzyme.

When bound to GTP, RAS directly binds to, and activates, several so-called effector
proteins. The first RAS effector identified, and perhaps the most thoroughly studied, was the
RAF serine/threonine kinase (Moodie et al., 1993; Vojtek et al., 1993; Warne et al., 1993;
Zhang et al., 1993). GTP-bound RAS acts as a scaffold to bring RAF to the plasma
membrane, where it is phosphorylated by membrane-bound kinases (Wellbrock et al., 2004).
Activation of RAF initiates a phosphorylation cascade that progresses through MEK and
ERK (p42/p44 MAPK), which has many downstream targets that regulate cell proliferation,
survival, and differentiation (Seger and Krebs, 1995). A second RAS effector thought to be
important for its oncogenic function is the p110 catalytic subunit of the phosphatidylinositol
3-kinase (PI3K) (Rodriguez-Viciana et al., 1994). Phosphorylation of phosphatidylinositol
by PI3K brings the AKT serine/threonine kinase to the plasma membrane, where it becomes
activated and transmits downstream signals to regulate cell survival, protein synthesis, and
metabolism (Engelman et al., 2006). Although RAS is known to engage many different
effector pathways, RAF and PI3K are the only effector pathways that are also commonly
mutated in human cancers, suggesting that these proteins might be the primary oncogenic
effectors of RAS signaling.

Fifteen years of biochemical studies have revealed RAS to be a pleiotropic signaling
molecule that can engage downstream biochemical pathways to regulate diverse cellular
processes, thus laying a firm mechanistic foundation for its function as an oncoprotein.
Nevertheless, most of what we know about RAS signaling has been gleaned from analyses
of cultured cells (most commonly fibroblasts) that over-express a mutationally activated
form of RAS (usually H-RAS). It remains unclear how relevant the information garnered
from these studies is to human cancer, where endogenous levels of activated K-RAS
promote tumorigenesis primarily in epithelial cells. For example, while activation of K-RAS
at endogenous levels enhances cellular proliferation, over-expression of activated K-RAS
causes cell cycle arrest and premature senescence (Tuveson et al., 2004), indicating that the
phenotypic effects of RAS activation are dependent upon expression level. Moreover,
endogenous activation of RAS in vivo, in hematopoetic and epithelial tissues, results in
significantly attenuated signaling compared to over-expression of RAS in vitro (Braun et al.,
2004; Haigis et al., 2008; Guerra et al., 2003; Tuveson, Shaw et al., 2004). In sum, although
the past thirty years have produced a wealth of knowledge relating to RAS biology, our
knowledge remains incomplete.

Broad insights from mutation studies

Thanks to large-scale genome sequencing efforts over the past several years, we now have a
fairly comprehensive view of the RAS mutational spectrum in human cancers (Supplemental
Table 1). Overall, activating RAS mutations are found in 15% of cancers. It is important to
note that the classical RASactivating mutations consist of missense substitutions at codons
12, 13, and 61. Other, non-classical, mutations can also activate RAS, however. For
example, codon 146 mutations in KRAS are more common in colon cancers than are
mutations in codon 61 (EdKkins et al., 2006). Thus, the incidence of RAS gene mutation in
cancer might actually be much higher than 15%. In the cancers that contribute most heavily
to worldwide mortality, RAS mutations are extremely common (Fig. 1).
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Several facets of biological insight can be gleaned from the currently available sequencing
data. First, the frequency of RAS mutations varies among tumors of differing origin. For
example, RAS mutations are common in certain cancers (e.g. pancreas and colon), but
extremely rare in others (e.g. bone and kidney) (Supplemental Table 1). Second, even within
a common organ site, RAS mutations often occur in specific cancer subtypes. For example,
activating mutations in RASare common in non-small cell lung cancer (NSCLC), but
uncommon in small cell lung cancer (SCLC). Finally, even in cancers where RAS mutations
are common, mutation of one RASgene is typically selected over another (Table 1). For
example, 70% of pancreatic ductal cancers express mutationally activated KRAS but
mutations in NRASand HRASare rare. In total, greater than 85% of all RAS mutations are
found in KRAS, 12% are in NRAS and 2% arise in HRAS (Supplemental Table 1).

Insights into RAS signaling can also be garnered from mutation studies. Activating
mutations in B-RAF, one of the three RAF kinases, are common in many cancers, and these
mutations are mutually exclusive with mutations in RAS (Sensi et al., 2006; Simi et al.,
2008). One explanation for the mutual exclusivity of RAS and RAF mutations is that these
events are functionally equivalent. Nevertheless, the observation that mutation of a single
RAS effector can substitute for mutation of RAS itself does not fit with the notion of RAS as
a pleiotropic signal transducer. Mutations in PIK3CA, which encodes the p110a catalytic
subunit of PI3K are also common. In contrast to BRAF, however, PIK3CA mutations are not
mutually exclusive with KRAS mutations in cancer, suggesting that endogenous levels of
activated RAS do not efficiently activate PI3K signaling.

Biochemical studies have failed to identify any obvious differences between the RAS family
members. If all RASproteins are functionally equal, why do specific cancers select for
mutation of one over another? There are likely multiple causes for the RAS mutation
selection observed in human cancers. First and foremost, the expression of the different
family members within a given tumor-initiating cell could affect the choice of mutation for a
corresponding cancer (Leon et al., 1987). While HRAS mutations are not found in human
lung cancers, studies utilizing mouse models have recently demonstrated that mutant H-Ras
can efficiently drive chemically-induced lung tumorigenesis if it is expressed from the Kras
locus, suggesting that the lack of HRAS mutations in NSCLC is a result of lack of expression
in the cell type that gives rise to lung cancer (To et al., 2008). A second explanation for
mutational selection is that each RAS family member performs a unique function, perhaps
by activating different effectors, and that certain cancers require the activation of specific
oncogenic signaling pathways.

Cell type-specific effects of RAS activation

While the vast majority of cancers select for mutations in KRAS, certain cancers clearly
prefer to activate N-RAS or H-RAS. For example, KRAS mutations are most common in
cancers derived from colon, pancreas and biliary tract, NRAS mutations are more common in
hematopoetic malignancies, and cancers arising in the salivary and pituitary glands select for
H-RAS activation (Supplemental Table 1), suggesting that certain tissues are sensitive to
mutational activation of specific RAS family members. This hypothesis, founded upon
retrospective mutational analyses, is strongly supported by prospective experimental studies.
Consistent with the observation that NRAS mutations are common in leukemia, Maher and
colleagues demonstrated that hematopoetic cells were more readily transformed by mutant
N-RAS, but that fibroblasts were more readily transformed by activated H-RAS (Mabher et
al., 1995). In similar experiments, and again consistent with mutation data, only activated N-
RAS was able to efficiently transform immortalized melanocytes, while colonic epithelial
cells were especially sensitive to activation of K-RAS (Keller et al., 2007a; Whitwam et al.,
2007).
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Studies utilizing transgenic mice also support the notion of tissue-specific effects of RAS
mutations. When expressed in transplanted bone marrow cells, mutant forms of K-Ras, H-
Ras, and N-Ras elicited unique leukemic phenotypes (Parikh et al., 2007). Consistent with
cancer genome sequencing data, mutant N-Ras induced AML and CMML and mutant K-Ras
induced only CMML. Interestingly, ectopic expression of activated H-Ras in bone marrow
cells led to the development of AML, even though HRAS mutations are never found in
human AML. This observation provides additional support to the study of To and
colleagues, who surmised that the lack of HRAS mutations in certain cancers (for example
AML and NSCLC) results from a lack of HRASexpression in the corresponding tumor
initiating cell (To et al., 2008). In experiments utilizing mice genetically engineered to
expressing mutant forms of Ras from their endogenous loci, we demonstrated that activated
K-Ras, but not N-Ras, was able to cooperate with loss of the Adenomatous polyposis coli
(Apc) tumor suppressor to promote the development of malignant colon cancers (Haigis et
al., 2008). This observation is again consistent with the human mutation data linking K-RAS
activation with colon cancer progression. Taken together, in vitro and in vivo studies
indicate that the biological outcome of RAS mutation is highly dependent upon cellular
context. With this in mind, what are the underlying molecular mechanisms that account for
context dependence of RAS-mediated oncogenicity?

RAS family members exhibit unique subcellular localizations

To understand the molecular mechanisms underlying potential functional diversity within
the RAS family of proteins, it is critical to explore the structural relationships among the
family members. The four family members are highly similar in size and primary amino acid
sequence. They are over 90% identical over the first 166 residues, which includes the G-
domain that binds guanine nucleotides, the switch 1 and switch 2 loops that undergo
conformational change upon GTP binding, and the binding surfaces for downstream
effectors, GEFs, and GAPs. Because the RAS isoforms are essentially identical over the first
90% of the proteins, it is unlikely that the mutational selectivity seen in cancers results
simply from differences in nucleotide binding or relative sensitivity to GEFs and GAPs.

The final 24-25 amino acids, referred to as the hypervariable region (HVR), of the RAS
proteins are poorly conserved. For all of the RAS family members, this region undergoes a
series of post-translational modifications that culminate in the prenylation, by
farnesyltransferase (FT) or geranylgeranyltransferase (GT), of a conserved C-terminal
cysteine. Additionally, isoform-specific, post-translational modifications occur in the HVR
as well, including palmitoylation and phosphorylation (Bivona et al., 2006). Ultimately,
these post-translational modifications regulate the trafficking and localization of the RAS
family members; while primarily K-RAS4B localizes almost exclusively to the plasma
membrane, K-RAS4A, H-RAS, and N-RAS signal extensively from endomembranes (e.g.
the Golgi). Again, this aspect of RAS biology has been reviewed extensively (Hancock.,
2003; Mor and Philips, 2006; Philips, 2005; Plowman and Hancock., 2005; Prior and
Hancock., 2001). Here, we will explore the emerging data supporting functional uniqueness
within the RAS family, with the underlying hypothesis that any functional differences
between family members result, at least in part, from their disparate subcellular
localizations.

Differential binding and activation of effectors

That each RAS family member is functionally unique is evidenced, not only by the mutation
selection seen in human cancers, but also by the fact that the mutant forms elicit unique
changes in genes and protein expression (Keller et al., 2007a; Zuber et al., 2000). The
differential molecular outputs of each mutant family member likely result from differential
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engagement of effector pathways, a concept that is again supported by experimental
observations. For example, N-RAS binds RAF-1 more effectively in transformed fibroblasts
than does H-RAS and RAF-1 mediates the oncogenic properties of mutant N-RAS in
melanomas (Dumaz et al., 2006; Hamilton and Wolfman, 1998). In kidney epithelial cells,
mutant K-RAS preferentially activates RAF, but mutant H-RAS preferentially activates
PI3K (Yan et al., 1998). Similarly, K-RAS activates RAC signaling more efficiently than
does H-RAS (Walsh and Bar-Sagi, 2001). In sum, there is evidence, albeit still incomplete,
that each mutant RAS family members can signal through distinct downstream effector
pathways. Further studies are required to fully characterize the common and unique effectors
that are engaged by each family member, taking into account the context dependence of
these interactions.

How do certain family members engage specific effector pathways? One way that the RAS
family members could engage a specific downstream pathway would be for the effector to
exhibit a subcellular localization that matches one of the family members, but not the others.
Although many of the canonical RAS effectors are generally cytoplasmic, mutant H-RAS
associated with the endoplasmic reticulum (ER) activates RAF and PI3K, while Golgi-
associated H-RAS activates JNK (Chiu et al., 2002).

A second way for RAS family members to engage specific effector pathways is through the
formation of distinct signaling complexes. One such complex involves the specific binding

of calmodulin to the hypervariable region of K-RAS4B (Abraham et al., 2009; Sidhu et al.,
2003; Villalonga et al., 2001). The KRAS4B/calmodulin interaction links RAS function to

calcium signaling and is important for the ability of GTP-bound K-RAS4B to activate AKT
in response to mitogenic stimuli such as platelet-derived growth factor (PDGF) (Liao et al.,
2006).

Another example of distinct signaling clusters involves a group of proteins called galectins.
Galectins are a family of proteins that are characterized by their ability to bind B-galactoside.
Mutant H-RAS binds galectin-1 more efficiently than does mutant K-RAS and this
interaction stimulates RAF activation at the expense of PI3K activation (Elad-Sfadia et al.,
2002). Conversely, activated K-RAS binds more efficiently to galectin-3, resulting in
prolonged activation of RAF and attenuation of PI3K and RAL signaling (Elad-Sfadia et al.,
2004; Shalom-Feuerstein et al., 2005). Given the ability of known RAS binding proteins,
like calmodulin and galectin, to modulate the signaling output of specific RAS family
members, it is conceivable that cell type specific RAS binding proteins exist and, in fact,
underlie the mutational selection seen in human cancers.

Differential effects on differentiation and apoptosis

RAS activation impinges upon processes that regulate cellular homeostasis: proliferation,
differentiation, apoptosis, et cetera. Ultimately, the selection for particular RAS mutations in
certain cancers may derive from the ability of each RAS family member to influence
specific cellular processes. For example, while both activated K-RAS and H-RAS enhance
proliferation, only mutant K-RAS inhibits the in vitro differentiation of colorectal
adenocarcinoma cells (Yan et al., 1997). Similarly, mutant K-Ras suppresses differentiation
in autochthonous mouse colonic tumors, but mutant N-Ras does not (Haigis et al., 2008).
These observations are consistent with the prevalence of KRAS mutations in primary colon
cancers (Table 1). In another study, mutant K-RAS was found to inhibit retinoic acid (RA)
induced differentiation of embryonal carcinoma cells into endoderm (Quinlan et al., 2008).
And while mutant N-RAS had no effect on this process, mutant H-RAS actually promoted
differentiation in the absence of RA (Quinlan et al., 2008). These observations are consistent
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with the preponderance of KRASactivation mutations in cancers arising from endodermal
tissues (Table 1).

Functional divergence within the RAS family is perhaps most extensively associated with
apoptosis (Cox and Der, 2003). Mutant K-RAS is pro-apoptotic, while mutant N-RAS
suppresses apoptosis (Jansen et al., 1997; Haigis et al., 2008; Klampfer et al., 2004;
Wolfman and Wolfman, 2000). The proapoptotic function of K-RAS is related, at least in
part, to its phosphorylation by PKCa, which causes K-RAS4B to translocate from the
plasma membrane to the mitochondrial outer membrane (Bivona et al., 2006). K-RAS4B is
phosphorylated on serine 181, which is not conserved in any of the other RAS family
members. The consequences of the K-RAS4B phosphorylation and re-localization are two-
fold. First, K-RAS4B is removed from the plasma membrane, where it would otherwise
recruit and activate RAF to promote proliferation and survival. Second, phosphorylated K-
RAS4B associates with the outer mitochondrial membrane, where it interacts with Bcl-xL
and promotes apoptosis (Bivona et al., 2006).

In parallel to its mitochondrial pro-apoptotic function, K-RAS is unique in its ability to
promote apoptosis through a direct interaction with the RASSF1/NORE1/MST1 protein
complex (Khokhlatchev et al., 2002). Similar to the mode of activation for other RAS
effectors, RASSF1/NORE1/MSTL1 is recruited to the membrane through its binding to GTP-
bound K-RAS, and it is within this subcellular compartment that the complex is activated
(Khokhlatchev et al., 2002). MST1 is a pro-apoptotic serine/threonine kinase that is cleaved
by activated caspase and then shuttled to the nucleus where it regulates chromatin
condensation (Radu and Chernoff, 2009).

In addition to its interactions with Bcl-xL and RASSF1, mutant K-RAS actively suppresses
the pro-survival function of NRAS (Keller et al., 2007b). The mechanisms underlying the
anti-apoptotic effects of mutant N-RAS are not clear, but mutant N-RAS is reported to up-
regulate the anti-apoptotic protein Bcl-2 (Borner et al., 1999) and to inactivate the pro-
apoptotic protein Bad (Wolfman and Wolfman, 2000). The fact that K-RAS and N-RAS
play opposing roles in the regulation of apoptosis highlights the complex molecular
mechanisms underlying their oncogenic functions.

Concluding remarks

The last three decades have produced a wealth of knowledge pertaining to the RAS oncogene
family. From their high frequency of mutation in a wide variety of cancers, to their complex
regulation of molecular processes controlling cellular transformation, it is clear that mutant
forms of RAS play a critical role in the initiation and progression of cancer. Nevertheless,
this extensive knowledge has not yet translated into effective therapies for cancers
expressing mutant forms of RAS. Over the next decade, it will be critical to unravel the
complexities of RAS biology to the extent that we can develop therapies to counteract the
oncogenic phenotypes associated with mutational activation of the RAS oncoproteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Frequency of RAS gene mutations in the ten cancers with the highest rates of mortality for
men and women worldwide. The specific cancer subtype is listed in parentheses next to the
corresponding organ site. For each cancer, the number of worldwide deaths for men and
women are listed below the organ site. The frequency of K-RAS, N-RAS and H-RAS
mutation is represented by a color scale. The mortality data was collected by the American
Cancer Society (www.cancer.org) for the year 2007.
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Table 1

Frequency of RAS gene mutations in human cancers®

Organ/Tissue Tumor type KRAS NRAS HRAS
Autonomic ganglia Neuroblastoma 3% (75) 7% (118) 0% (75)
Biliary tract Adenocarcinoma 37% (352) 2% (174) 0% (133)
Bladder Transitional cell carcinoma 3% (347) 3% (239) 8% (652)
Cervix Squamous cell carcinoma 2% (275) 3% (65) 7% (164)
Colon Adenocarcinoma 36% (13326) 3% (257) 0% (331)
Hematopoetic System?  AML 4% (1723)  13%(3004) 0% (1219)
CML 2% (286) 9% (494) 0% (266)
CMML 12% (84) 18% (152) 1% (118)
JMML 6% (125) 16% (148)  ND
Plasma cell myeloma 5% (366) 21% (449) 1% (148)
Liver Hepatocellular carcinoma 4% (312) 5% (208) 0% (167)
Lung Carcinoid-endocrine tumor 7% (101) 0% (51) 0% (30)
Large cell carcinoma 22% (178) 7% (55) 4% (56)
Non-small cell carcinoma 20% (8420) 1% (1715) <1% (1223)
Squamous cell carcinoma 6% (1329) 0% (365) 1% (266)
Pancreas Ductal carcinoma 71% (3502) 1% (109) 0% (108)
Prostate Adenocarcinoma 8% (898) 2% (519) 6% (493)
Skin Basal cell carcinoma 5% (132) 2% (132) 7% (165)
Melanoma 2% (961) 21% (2965) 1% (887)
Squamous cell carcinoma 5% (95) 8% (95) 9% (225)
Soft tissue Malignant fibrous histiocytoma  17% (117) 2% (44) 17% (104)
Rhabdomyosarcoma 3% (100) 8% (89) 4% (96)
Synovial sarcoma 0% (51) 0% (1) 6% (50)
Stomach Carcinoma 6% (1823) 2% (206) 4% (367)
Testis Germinoma 7% (107) 8% (85) 0% (56)
Thyroid Anaplastic carcinoma 15% (197) 13% (188) 4% (190)
Follicular carcinoma 5% (337) 16% (365) 6% (355)
Papillary carcinoma 2% (1259) 4% (1610) 2% (1212)
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1 . . . . .
Data is collated from the COSMIC database, Wellcome Trust Sanger Institute (www.sanger.ac.uk/genetics/CGP/cosmic/). Only those cancers in

Only cases in which at least 50 samples were analyzed have been shown.

which one or more RAS family member is mutated at a frequency higher than 5% are shown. Parentheses indicate the number of cases analyzed.

2Abbreviations: AML, acute myeloid leukemia; CML, chronic myelogenous leukemia; CMML, chronic myelomonocytic leukemia; JMML,

juvenile myelomonocytic leukemia
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