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Abstract
All mammalian cells express 3 closely related Ras proteins, termed H-Ras, K-Ras, and N-Ras, that promote

oncogenesis when they are mutationally activated at codon 12, 13, or 61. Although there is a high degree of
similarity among the isoforms, K-Ras mutations are far more frequently observed in cancer, and each isoform
displays preferential coupling to particular cancer types. We examined the mutational spectra of Ras isoforms
curated from large-scale tumor profiling and found that each isoform exhibits surprisingly distinctive codon
mutation and amino-acid substitution biases. These findings were unexpected given that these mutations occur
in regions that share 100% amino-acid sequence identity among the 3 isoforms. Of importance, many of these
mutational biases were not due to differences in exposure to mutagens, because the patterns were still evident
when compared within specific cancer types. We discuss potential genetic and epigenetic mechanisms, as well as
isoform-specific differences in protein structure and signaling, that may promote these distinct mutation
patterns and differential coupling to specific cancers. Cancer Res; 72(10); 2457–67. �2012 AACR.

Introduction
Ras proteins are proto-oncogenes that are frequently

mutated in human cancers. They are encoded by 3 ubiqui-
tously expressed genes: HRAS, KRAS, and NRAS. These
proteins are GTPases that function as molecular switches
in regulating pathways that are responsible for proliferation
and cell survival. Normally, Ras proteins are tightly regulated
by guanine nucleotide exchange factors (GEF) that promote
GDP dissociation and GTP binding, and GTPase-activating
proteins (GAP) that stimulate the intrinsic GTPase activity
of Ras to switch off signaling. Aberrant Ras function is
associated with hyperproliferative developmental disorders
and cancer, and in tumors is associated with a single
mutation typically at codon 12, 13, or 61 (1). Mutation at
these conserved sites favors GTP binding and produces
constitutive activation of Ras (Fig. 1). Of importance, all
Ras isoforms share sequence identity in all of the regions
that are responsible for GDP/GTP binding, GTPase activity,
and effector interactions, suggesting a functional redundan-
cy. Nevertheless, it is becoming increasingly apparent that
Ras proteins have isoform-specific functions (2). These
functional differences are most likely associated with the
unique C-terminal hypervariable region (HVR) in each iso-
form, which is thought to modulate the Ras–membrane
interaction to specify distinctive localizations in organelles
and signaling nanoclusters (3).

An intriguing observation from the early days of Ras
research is that different types of cancer appear to be coupled
to mutation of a particular Ras isoform (4). We revisited this
unexplained phenomenon by using the latest data froma large-
scale collation of tumor sequencing to reveal additional pat-
terns of isoform-specific codon and point mutation biases. We
discuss the effects of these mutations on Ras function, and
potential mechanisms that may lead to differential patterns of
Ras isoform mutations.

Ras Mutation Frequencies
Large-scale tumor profiling

Early analyses of Ras isoform mutational status in cancer
revealed varying incidences of Ras mutations in different tumor
types, and specific associations of individual Ras isoforms with
particular cancers (4). Despite the relatively small sample sizes
used in those analyses, investigators were able to identify strong
trends. For example, K-Ras was shown to be themost frequently
mutated isoform in most cancers, with 90% of pancreatic
tumors harboring K-Ras mutations. In contrast, N-Ras muta-
tionsweremore strongly associatedwithhematopoietic tumors.
With the adventof large-scale tumorprofiling anddata sequenc-
ing databases, researchers can now perform deeper analyses of
Ras mutational spectra. The Catalog of Somatic Mutations in
Cancer (COSMIC) is the most comprehensive database on
human tumor mutations currently available (5).

The COSMIC dataset confirms that K-Ras is the most
frequently mutated isoform. It was found to be present in
22% of all tumors analyzed, compared with 8% for N-Ras and
3% for H-Ras (Table 1). These headline values would seem to
support the often-cited compound mutation rate of 30%;
however, this value is distorted by the screening bias that is
evident within the dataset, particularly for K-Ras, where colo-
rectal cancer dominates the data totals. When all cancers in
which at least 20 tumors were counted are given equal weight-
ing, the average pan-Ras mutation incidence is 16%.
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With the exception of the salivary gland, screening has
focused on the locations and isoforms with the strongest
coupling. Of note, however, the mutation rate in the pancreas
is 60% rather than the generally quoted 90%. In most cases, 1
isoform dominates the number of mutations scored for a
particular cancer. One exception is thyroid cancer, in which
large numbers of mutants of all 3 isoforms have been counted.
Although these observations confirm known trends, a com-
parison of codon mutations among the Ras isoforms reveals
some intriguing deeper patterns.

Codon specificity of Ras isoform mutations
In analogy to the isoform bias we can see in specific

cancers, analyses of codon mutation frequencies reveal that
each isoform has a distinctive codon mutation signature
(Fig. 2). K-Ras and N-Ras represent 2 extremes of this
phenomenon: 80% of K-Ras mutations occur at codon 12,
whereas very few mutations are observed at codon 61. In
contrast, almost 60% of N-Ras tumors harbor mutations at
codon 61, compared with 35% at codon 12. H-Ras displays an
intermediate behavior, with an approximately 50%/40% split
between mutations at codons 12 and 61, respectively. These
data represent averages of the percentages for each cancer in
which at least 20 tumors were scored. Of importance, a
closer examination of trends within different cancers con-
firms the individuality of each isoform even in circum-
stances in which the isoforms presumably have been
exposed to common mutagenic factors (Fig. 2B).

These differences in codon specificity are surprising because
all 3 oncogenic mutations are in amino-acid regions that are

identical among the 3 isoforms and are assumed to generate
equivalent effects on protein activity. Of note, even at the DNA
level, K-Ras and N-Ras share identical sequences encoding
Gly12 and Gln61. Furthermore, individual single-base substi-
tutions result in the same amino-acid replacement for all of the
isoforms. Nevertheless, an examination of the preferred single-
base substitutions collated from all Ras-mutated tumors in the
COSMIC database reveals a final level of difference among the
isoforms (Table 2).

Ras codons 12, 13, and 61 can each be converted to 6 other
amino acids via single-base substitutions. However, >60% of
the total mutations for each isoform are accounted for
by only 3 of the 18 potential mutations across the codons
(Table 2). K-Ras mutation patterns are dominated by the
43% of mutations that are G!A transitions at the second
base of codons 12 or 13, resulting in G12D or G13D muta-
tions. G!T transversions at the second base make up the
bulk of the remainder to produce G12V. A special case is
observed in lung cancer, where a G!T transversion of the
first base of codon 12 to produce G12C predominates. N-Ras
favors similar types of mutations at codons 12 and 13, albeit
at much lower rates compared with K-Ras. In contrast,
H-Ras favors G12V in all cancers with codon 12 mutations,
and more generally exhibits a 3-fold higher proportion of
transversion-to-transition mutations compared with K-Ras
and N-Ras. Mutations at codon 61 recapitulate the hetero-
geneity that is evident between isoforms at codon 12.

These data reveal that Ras isoforms exhibit differential and
preferential coupling to specific cancers, codons, and base
substitutions. The distinct mutation patterns exhibited by Ras

Figure 1. Oncogenicmutations of Ras isoforms. The key oncogenicmutations are in the region that is identical among the 3 isoforms. Forty-four separate point
mutations have been characterized inRas isoforms,with 99.2%of all mutations occurring at codons 12, 13, and61.Mutations that cluster in and around loops
1, 2, and4 are responsible for nucleotide binding and result in enhancedGTPbinding. Residues that aremutated in cancer are highlighted in red, those that are
mutated in developmental disorders are underlined, and those that are variable among isoforms are in gray (26, 65, 66).
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isoforms raise fundamental questions about their etiology. For
example, do themutation patterns reflect genetic or epigenetic
differences between Ras isoforms that may lead to differential
targeting ofmutagens or repair processes? Additionally, how is
this influenced by protein-level effects such as relative Ras
isoform abundance in tissues, cells, and subcellular compart-
ments, or possibly isoform-specific differences in the effects of
individual mutations on activity that combine to modulate the
signaling output and hence the relative oncogenicity?

Ras mutation etiology
Many genotoxic agents have been implicated in causing Ras

mutations. Investigators have identified sequence motifs that
correlate with highly reproducible mutagenesis. For example,
classic chemical carcinogenesis studies showed that methylni-
trosourea targets the second base of codon 12 of H-Ras and
K-Ras in a variety of cancer types to generate G12D mutations
(6, 7). In contrast, UV radiation targets pyrimidine dimers,
resulting in a high bias toward generating Ras Q61 mutations
(8). The general trends in the dataset indicate predominantly
bulky-adduct–induced damage for K-Ras mutations at codon

12, and chemical- or UV-radiation–induced damage for Q61
mutations in N-Ras.

It is clear that some of the observed mutational hetero-
geneity is due to tissue-specific exposure to different cock-
tails of mutagens. This is particularly the case when muta-
tion patterns are compared across a single isoform. For
example, lung cancer shows a highly distinctive coupling to
G12C mutations (Table 2). The G.C!T.A transversions that
generate the G12C mutation were associated in in vitro
studies with the formation of bulky DNA adducts by tobac-
co-smoke products (9). This specific mutation is most
common in current smokers, and its incidence progressively
declines to zero in former and never smokers (10). Although
G12C appears to be a diagnostic mutation of exposure to
tobacco-smoke mutagens, it is far less abundant in pancre-
atic and colorectal cancers that are also strongly linked to
smoking, indicating tissue-specific differences in exposure
to individual tobacco mutagens (11–13).

Other examples of potential tissue-specific mutagen expo-
sure are colorectal cancer and hematopoietic/lymphoid can-
cers, where K-Ras and N-Ras exhibit unusually high

Table 1. Incidence of Ras isoform mutations in cancer

HRAS KRAS NRAS Pan-Ras

Primary tissue þ n % þ n % þ n % %

Adrenal gland 1 135 <1% 1 210 <1% 7 170 4% 5%
Autonomic ganglia 0 63 0% 2 63 3% 7 102 7% 10%
Biliary tract 0 151 0% 460 1,471 31% 3 213 1% 33%
Bone 3 147 2% 2 165 1% 0 143 0% 3%
Breast 5 542 <1% 20 544 4% 7 330 2% 7%
Central nervous system 0 942 0% 8 1,032 <1% 8 995 <1% 2%
Cervix 23 264 9% 46 637 7% 2 132 2% 17%
Endometrium 3 291 1% 298 2,108 14% 1 279 <1% 16%
Hematopoietic/lymphoid 8 3,074 <1% 277 5,757 5% 877 8,540 10% 15%
Kidney 1 273 <1% 4 617 <1% 2 435 <1% 1%
Large intestine 2 617 <1% 9,671 29,183 33% 26 1,056 3% 36%
Liver 0 270 0% 21 450 5% 8 310 3% 7%
Lung 9 1,957 <1% 2,533 14,632 17% 26 2,678 1% 19%
Esophagus 2 161 1% 13 359 4% 0 161 0% 5%
Ovary 0 94 0% 406 2,934 14% 5 111 5% 18%
Pancreas 0 221 0% 3,127 5,169 61% 5 248 2% 63%
Prostate 29 500 6% 82 1,024 8% 8 530 2% 15%
Salivary gland 24 161 15% 5 170 3% 0 45 0% 18%
Skin 120 1,940 6% 38 1,405 3% 858 4,742 18% 27%
Small intestine 0 5 0% 62 316 20% 0 5 0% 20%
Stomach 14 384 4% 163 2,571 6% 5 215 2% 12%
Testis 5 130 4% 17 432 4% 8 283 3% 11%
Thymus 1 46 2% 4 186 2% 0 46 0% 4%
Thyroid 117 3,601 3% 137 4,628 3% 312 4,126 8% 14%
Upper aerodigestive tract 101 1,083 9% 52 1,535 3% 24 807 3% 16%
Urinary tract 138 1,242 11% 29 591 5% 9 398 2% 18%
Total 606 18,294 3% 17,478 78,189 22% 2,208 27,100 8% 16%

Most cancer types favor mutation of a single isoform (typically K-Ras). Data are collated from COSMIC v52 release. þ, the number of
tumors observed with the mutant Ras; n, the number of unique samples screened.

Oncogenic Mutations in Ras Isoforms
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preponderances of codon 13 mutations. Of interest, in
advanced colorectal cancer, G13D mutations have prognostic
significance in anti–epidermal growth factor receptor (anti-
EGFR) cetuximab-based therapy (14). This drug is not given to
patients with K-Ras mutations, because those with G12 muta-
tions do not respond. However, patients with G13-mutated
tumors showed significant improvements in survival, indicat-
ing the importance of discriminating between Ras codon
mutation types when designing clinical trials and treatment
programs.

Genetic and epigenetic influences
Some of this mutational bias implies differential exposure

to mutagens. Although this may account for the distinct
mutations of K-Ras found in different cancers, it does not
explain why there is a difference between isoforms within
the same cancer. The best example of this is thyroid carci-
noma, in which significant numbers of mutations of all
isoforms have been identified. In particular, this type of
cancer has been linked to exposure to ionizing radiation as
well as to various chemical carcinogens (15). A comparison
of mutation patterns across the Ras isoforms reveals a clear
bias, with 95% of N-Ras mutations occurring at codon 61 and
66% of K-Ras mutations occurring at codon 12. In analogy to

the headline trends seen across all cancers, H-Ras has an
intermediate profile, with a 40%/50% split between codon 12
and codon 61, respectively. Within the codons, the mutation
patterns are also distinctive. For example, at codon 12, K-Ras
is predominantly G12D mutated, whereas H-Ras favors
G12V.

To date, few experimental analyses have focused on poten-
tial reasons for these differences. However, we can use the
available empirical data and draw some inferences from a
larger number of studies carried out using the TP53 gene. We
can then speculate that the heterogeneity may be due to
variables such as the DNA primary sequence, secondary-qua-
ternary structural effects, and the position of the Ras genes
within the genome and the nucleus. Together, these effects
may improve or limit the access of differentmutagens or repair
enzymes.

Of importance, Ras-isoform–specific differences in rates of
DNA damage and repair have been identified. Feng and col-
leagues (16) measured both adduct formation and subsequent
repair of Ras isoforms following exposure to various bulky
carcinogens, including benzo[a]pyrene diol epoxide (BPDE).
They showed that although codon 12was the preferred binding
site for BPDE on K-Ras, adduct levels were reduced at this site
in N-Ras and H-Ras. Other carcinogens that have different

B

A

Figure 2. Ras-isoform–specific codonmutation bias. A, K-Ras is typically mutated at codon 12, whereas N-Ras favors codon 61. H-Ras displays intermediate
behavior. Data are averages of percentages collated from all cancers with at least 20 tumors scored. B, analysis of individual cancer types reveals isoform-
specific patterns of codon mutation even within the same tissue. Pie chart colors: black, codon 12; gray, codon 13; white, codon 61.
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Table 2. Isoform-specific point mutation specificity

HRAS Codon 12: GGC Codon 13: GGT Codon 61: CAG

-C- T– -A- C– A– -T- -C- T– -A- C– A– -T- G– –C/T A– -T- -C- -G-

Primary tissue Cancer 12A 12C 12D 12R 12S 12V 13A 13C 13D 13R 13S 13V 61E 61H 61K 61L 61P 61R Total

Prostate Adenocarcinoma 0 0 0 0 1 1 0 0 0 3 0 0 0 3 0 18 0 3 29
Salivary gland Adenocarcinoma 0 0 1 4 1 8 0 0 0 3 0 0 0 0 0 0 0 6 23
Skin Benign melanocytic

nevus
0 0 0 1 0 0 0 0 0 1 0 0 0 1 1 20 0 11 35

Carcinoma 0 2 2 0 0 24 0 0 1 0 0 0 0 3 0 3 0 0 35
Malignant melanoma 0 0 0 0 0 2 0 0 1 0 0 0 0 1 2 3 0 2 11

Stomach Adenocarcinoma 0 0 0 0 0 14 0 0 0 0 0 0 0 0 0 0 0 0 14
Thyroid Adenoma-nodule-

goiter
0 0 0 0 0 19 0 0 0 0 0 0 0 1 4 0 1 16 41

Carcinoma 2 2 2 1 2 19 0 2 3 6 0 0 0 2 10 1 1 23 76
Urinary tract Bladder carcinoma 0 4 9 0 6 90 0 3 0 2 0 3 0 0 6 6 0 9 138
Upper
aerodigestive

Mouth 0 5 3 2 24 14 0 1 3 4 1 4 0 3 0 3 0 9 76

Total 2 13 17 8 34 191 0 6 8 19 1 7 0 14 23 54 2 79 478

KRAS Codon 12: GGT Codon 13: GGC Codon 61: CAA

-C- T– -A- -C– A– -T- -C- T– -A- C– A– -T- G– –C/T A– -T- -C- -G-

Primary tissue Cancer 12A 12C 12D 12R 12S 12V 13A 13C 13D 13R 13S 13V 61E 61H 61K 61L 61P 61R Total

Biliary tract Bile duct carcinoma 14 29 107 6 30 49 0 5 12 0 1 0 0 2 0 0 0 0 255
Gall bladder Carcinoma 0 5 60 9 12 10 0 0 1 1 0 0 0 0 0 0 0 0 98
Colorectal Colon adenocarcinoma 107 184 635 18 133 364 0 10 338 6 3 3 0 5 1 4 0 1 1,812

Rectal adenocarcinoma 37 45 178 4 33 124 0 6 88 4 0 3 0 5 0 3 0 2 532
Endometrium Carcinoma 39 26 121 3 12 68 2 4 26 0 1 1 0 3 0 0 0 0 306
H/L Hematopoietic

neoplasm
8 4 38 2 10 12 0 0 25 0 0 0 0 4 1 2 0 0 106

Lymphoid neoplasm 19 7 43 4 10 10 0 0 48 0 1 0 0 3 0 0 3 0 148
Lung Adenocarcinoma 106 545 222 27 59 279 1 43 31 1 1 1 0 11 1 5 0 2 1,335

Bronchioloalveolar
adenocarcinoma

6 42 38 3 4 33 0 2 0 0 0 0 0 0 0 0 0 0 128

Non–small cell
carcinoma

34 283 113 14 30 112 0 23 20 1 1 1 1 6 4 1 1 5 650

Squamous cell
carcinoma

3 25 26 5 6 10 0 0 1 0 1 0 3 0 1 0 1 2 84

Ovary Carcinoma 25 20 171 12 3 150 4 4 17 0 0 3 0 1 0 0 0 0 410
Pancreas Ductal carcinoma 57 79 1312 312 67 812 0 1 13 0 2 0 0 6 0 0 0 0 2,661

PanIN 0 3 10 1 0 12 0 0 0 0 0 0 0 0 0 0 0 0 26
Acinar-ductal
metaplasia

0 0 6 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 13

Adenoma 6 3 44 13 1 16 0 0 1 0 0 1 0 0 0 0 0 0 85
Autoimmune
pancreatitis

0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10

Borderline tumor 0 2 11 2 0 6 0 0 1 0 0 0 0 0 0 0 0 0 22
Chronic pancreatitis 0 6 42 8 5 21 0 0 0 0 0 0 0 0 0 0 0 0 82
Dysplasia-in situ
neoplasm

1 0 24 16 4 17 0 0 1 0 0 0 0 3 0 0 0 0 66

Hyperplasia 0 7 32 18 4 16 0 1 0 0 0 0 0 3 0 0 0 0 81
Prostate Adenocarcinoma 0 9 13 1 2 35 0 0 15 0 6 0 0 0 2 0 0 1 84
Skin Carcinoma 0 2 1 0 1 5 0 0 0 0 0 0 0 1 0 1 0 0 11

Malignant melanoma 0 0 3 2 1 8 0 0 1 0 0 0 0 1 0 3 0 1 20
Small intestine Adenocarcinoma 4 8 25 0 4 10 0 0 2 0 0 1 0 1 0 0 0 0 55
Stomach Adenocarcinoma 20 8 63 1 8 22 0 3 20 0 11 1 0 0 1 1 0 2 161
Thyroid Carcinoma 5 18 35 4 15 8 1 1 22 2 10 0 0 0 1 0 3 4 129
Urinary tract Bladder carcinoma 4 4 4 2 4 3 0 0 3 1 0 0 1 1 0 0 0 0 27
Upper
aerodigestive

Mouth 1 3 3 1 6 0 0 0 0 0 1 0 0 0 0 0 0 1 16

Total 496 1367 3,390 488 464 2,219 8 103 686 16 39 15 5 56 12 20 8 21 9,413

(Continued on the following page)
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modes of binding to the target guanine (e.g., N-acetoxy-2-
acetylaminofluorene) recapitulated this pattern. Of note,
although genomic DNA retained this K-Ras codon 12 targeting
specificity for DNA adducts, PCR products of the primary
target sequences did not (17). This mirrors a discrepancy
between the observable BPDE adduct sites in human TP53,
which occur at common smoking-related mutation hotspots
in lung cancer (18), and the BPDE-induced mutation distri-
bution obtained from a p53 yeast functional assay (19).
Because a yeast assay uses a short TP53 cDNA construct
rather than the entire gene sequence, the tertiary DNA struc-
ture surrounding the mutation hotspots will differ from that
found in genomic DNA. These observations suggest that the
binding potential of a carcinogen to a target nucleotide in both
K-Ras and TP53 depends not only on the very local sequence
context but also on the distal sequence and higher DNA
organization or modification.

The large-scale, surrounding-sequence context may be an
important determinant in shaping the pattern of Ras gene
mutations. Whereas the amino-acid sequence encoded by
each isoform is almost identical across many species, the
DNA sequence shows considerable variation. Exon 1
sequence variation between isoforms could lead to the
differential formation of secondary structures, such as hair-
pin loops, during transcription. Such secondary structures
are seen at common TP53 mutation hotspots that have been
correlated with a number of predicted stem-loop structures,
which suggests that hypermutable bases frequently lie with-
in single-stranded DNA in close proximity to stems (20). In
acute myeloid leukemia (AML), K-Ras and N-Ras present a
similar distribution of G.C!A.T and G.C!T.A mutations at
codon 12. However, analysis of the COSMIC database reveals

that the observable rate of mutations is almost 6 times
greater for N-Ras compared with K-Ras. The expression
level of N-Ras was shown to be elevated relative to K-Ras
in AML (21). Assuming a similar etiology for these mutations
in either isoform, it is possible that secondary structures that
form during increased transcription lead to the higher
mutation rate observed for N-Ras in AML tumors. Further-
more, the interplay between the target specificity of a
particular mutagen and a transcription-associated local
secondary structure could explain the high levels of muta-
tions at codon 12 relative to codon 61 in N-Ras, which are
rarely seen in other tumors. Surprisingly, a straightforward
analysis of secondary structures has not been performed for
codons 12, 13, and 61 in any Ras isoform to date.

Differences in DNA sequence between the Ras isoforms
may also influence the repair efficiency of carcinogen
adducts. Evidence for this comes from Feng and colleagues
(16), who found that repair of BPDE adducts at codon 12 of
K-Ras was slower (and thus more inefficient) than that
observed for H-Ras and N-Ras. In TP53 it was found that
BPDE adducts at major mutation hotspot positions are also
regions of slow repair relative to other adduct sites (22).
Furthermore, a number of these BPDE adduct sites are
associated with low DNA curvature, which is sequence
dependent (23). Thus, local and more-distal sequence-con-
text differences in Ras isoforms could result in differences in
tertiary structure that substantially influence repair
efficiencies.

The collective data provide evidence that increased adduct
targeting and relatively poor repair render K-Ras codon 12 far
more likely to end up mutated, and provide a plausible
explanation for the higher K-Ras mutation rates observed in

Table 2. Isoform-specific point mutation specificity (Cont'd )

NRAS Codon 12: GGT Codon 13: GGT Codon 61: CAA

-C- T– -A- C– A– -T- -C- T– -A- -C– A– -T- G- –C/T A– -T- -C- -G-

Primary tissue Cancer 12A 12C 12D 12R 12S 12V 13A 13C 13D 13R 13S 13V 61E 61H 61K 61L 61P 61R Total

H/L Hematopoietic
neoplasm

22 32 185 8 56 31 12 14 93 29 3 29 2 28 24 20 6 29 623

Lymphoid neoplasm 7 11 60 0 17 11 1 4 54 7 1 6 1 21 37 20 11 27 296
Skin Benign melanocytic

nevus
0 2 4 0 0 0 0 0 0 1 1 0 0 0 55 1 0 35 99

Carcinoma 0 0 5 0 0 0 0 0 1 0 0 1 0 3 0 0 0 0 10
Malignant melanoma 2 2 28 5 8 2 1 0 14 12 0 16 1 24 273 64 2 301 755

Thyroid Adenoma-nodule-
goiter

0 1 0 0 0 2 0 1 0 0 0 0 1 1 12 1 0 44 63

Carcinoma 0 7 2 0 0 0 1 1 1 0 0 0 0 5 32 9 0 182 240
Upper
aerodigestive

Larynx 0 0 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 20

Total 31 55 284 13 101 46 15 20 163 49 5 52 5 82 433 115 19 618 2,106

Data representing the total numbers of tumors with each point mutation were collated from COSMIC v52 release. Single-base
mutations that generate eachamino-acid substitution are indicated. Themost frequentmutations for each isoform for eachcancer type
are highlighted with gray shading.
Abbreviations: H/L, hematopoietic/lymphoid tissues; PanIN, pancreatic intraepithelial neoplasia.
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cancers. The reasons proposed for these differences in tar-
geting and repair remain speculative. However, it is clear
that the 3 Ras genes represent an excellent comparative
model system for future investigations of the underlying
genetic or epigenetic mechanisms that lead to mutational
spectra and hotspots.

Protein-Based Mechanisms
Structural implications of point mutations
The catalytic domain of Ras proteins consists of 2 lobes with

an interface that includes switch II on the N-terminal lobe
(residues 1–86) and helix 3 on theC-terminal lobe (residues 87–
171; Fig. 3A; ref. 24). The first lobe can be thought of as the
effector lobe because it contains all of the Ras components that

interact with effectors. The second one is the allosteric lobe
that interacts with the membrane (25) and exhibits all of the
isoform-specific differences outside of the HVR (24). Ras
activation in response to the loading of GTP involves large
conformational changes in switch I and switch II (26), aswell as
reorientation with respect to themembrane (27), that promote
binding of effector proteins. Given the slow intrinsic hydrolysis
ratemeasured in vitro for Ras (28), the deactivation of the signal
is critically dependent on enhancement of GTPase activity by
GAP (29) or by another mechanism, such as the recently
discovered allosteric switch associated with the RAS/RAF/
mitogen-activated protein–extracellular signal-regulated
kinase (MEK)/extracellular signal-regulated kinase (ERK)
pathway (Fig. 3B; refs. 30, 31). In the latter case, a shift in helix

A

D

B

C

Figure 3. Structural features of Ras and its oncogenic mutations. A, the catalytic domain of Ras. The effector lobe is depicted in green and the allosteric lobe
is in gray. Residues that are not identical in all 3 isoforms are in red and are found entirely in the allosteric lobe. Residues 12, 13, and 61 are shown in
yellow, and GppNHp is in orange. Calcium acetate is shown bound at the allosteric site. B, the allosteric switch, showing some of the key residues
involved. The allosteric state in which switch II is disordered is shown in yellow [Protein Data Bank (PDB) code 2RGE]. Residues 61–68 are disordered and
thuswere removed from themodel. The structurewith calciumacetate in the allosteric site that interactswithR97 is shown in green (PDBcode3K8Y). Switch II
is ordered in this structure. The nucleotide is depicted in orange. C, the active site in the Ras/RasGAP complex (PDB code 1WQ1). GAP residues are shown
in yellow, with the arginine finger shown in stick. Ras residues are in green, including the GDP with phosphate groups in orange. AlF3 is shown with the
aluminum atom in gray and fluorine atoms in cyan. G12, G13, Y32 T35, and Q61 are shown in stick. The Mg2þ ion is depicted as a yellow sphere and
the nucleophilic water molecule is shown as a red sphere. D, the active site for intrinsic hydrolysis in Ras. The wild type is shown in yellow (PDB code 3K8Y),
G12V inmagenta (PDB code 3OIW), G12D in cyan (PDB code 1AGP), and Q61L in green (PDB code 3OIU). The wild-type structure contains both nucleophilic
and bridging water molecules. Note that in G12D the side chain of D12 replaces the bridging water molecule, whereas in G12V and Q61L there is a
direct hydrogen bond between Y32 and the g-phosphate of the nucleotide. Mg2þ is represented by a yellow sphere and water molecules are shown
as red spheres in each structure. Hydrogen bonds in the wild-type structure are depicted by red dashed lines, and those in the G12D mutant are indicated
by the black dashed line. Hydrogen bonds in the G12V and Q61L structures are not shown. Note the proximity of G13 to the Y32 side chain in the
wild-type structure.
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3/loop7 away from switch II is associated with a disorder-to-
order transition that brings the catalytic Q61 residue into
the active site upon binding of an acidic group, most likely a
membrane component, at a remote allosteric site (30). The
impaired ability of Ras mutants to hydrolyze GTP, either
intrinsically or in response to GAPs, is responsible for the
oncogenic nature of mutations at residues G12, G13, and
Q61 in the active site. Therefore, it is important to under-
stand the critical roles these residues play in facilitating
catalysis.

The structure of Ras in complex with GAP solved in the
presence of GDP and AlF3 mimics the transition state of the
hydrolysis reaction, with AlF3 taking the place of the g-phos-
phate in its planar conformation with the nucleophilic water
molecule on one side and the GDP leaving group on the other
(32). A prominent feature of this structure is the so-called GAP
arginine finger that inserts into the RAS active site, providing a
positive charge to stabilize the negative charges that accumu-
late during the course of the hydrolysis reaction (Fig. 3C;
ref. 33). The arginine finger is positioned in close van der
Waals contactwith theCa atomofG12, leaving no room for any
other side chain at this position. Thus, mutants at G12 do not
form the transition-state complex with GAPs (34). As exem-
plified by G12D and G12P (35), as well as by G12V (34), they
bind GAP with varying affinities and no increase in hydrolysis
rates. Of interest, G12P is the only mutant of G12 that is
nontransforming in cells (36), does not appear in any tumors
(Table 2), and has a normal or slightly enhanced intrinsic
hydrolysis rate (35). Although not much can be found in the
literature regarding the structural biology of mutations at G13,
it is clear from the Ras/RasGAP structure that any side chain at
this position would also clash to some extent with the arginine
finger in GAP. Consistently, small side chains at this position,
such as G13A and G13V, are able to form the transition-state
complex with GAP, but larger ones, such as G13R, cannot (34).

In addition to contributing a catalytic residue, GAP
enhances the hydrolysis rate by ordering switch II and placing
Q61 in the active site. In doing so, it also promotes a shift in
helix 3/loop 7 similar to that described above for the allosteric
switch. The amide group of the Q61 side chain hydrogen-bonds
to the carbonyl group of the GAP arginine finger, helping to
position it in the active site, while its side-chain carbonyl group
accepts a hydrogen bond from the nucleophilic water mole-
cule. Glutamine is the only 1 of the 20 amino-acid residues that
could serve this dual function, because asparagine would not
reach far enough into the active site. Thus, although a mutant
such as Q61L can bind GAP with affinity similar to that of the
wild type (37), it cannot form the transition-state mimic (34)
and its hydrolysis rate is not enhanced by the interaction (38).

The Ras active-site conformation associated with intrinsic
hydrolysis is also impaired by the oncogenic mutants at
positions 12, 13, and 61 (Fig. 3D; ref. 31). In intrinsic hydrolysis
in the presence of Raf, where switch II is proposed to be ordered
through the allosteric switchmechanism, the conserved switch
I residue Y32 partially overlaps with the position where the
GAP arginine finger would bind, and its hydroxyl group is
bridged to the g-phosphate of GTP through a second catalytic
water molecule, the bridging water, that also interacts with

catalytic residue Q61 (30). Although a structure mimicking the
transition state of this reaction is not yet available, it has
been proposed that during activation of the nucleophilic
water, a proton is shuttled through the g-phosphate to the
bridging water molecule, providing a partial positive charge
that stabilizes the negative charges that developed during
the reaction in lieu of the GAP arginine finger (30). Muta-
tions at G12 and Q61 exert similar effects by displacing the
bridging water molecule and disallowing the positioning of
residue 61 as seen in the wild type (Fig. 3D; ref. 31). The
structure of G12D shows similar perturbations in the active
site, but this time one of its side-chain carboxyl groups takes
the place of the bridging water in connecting Y32 to the
g-phosphate of GTP, while its other side-chain oxygen atom
hydrogen-bonds to the Q61 side chain (Fig. 3D; ref. 35). All
mutants of either G12 (except for G12P) or Q61 result in at
least a 10-fold decrease in the intrinsic hydrolysis rate
measured in vitro. Unfortunately, very little biochemical and
structural information about G13 mutants is available, but it
is clear that any side chain at this position would clash with
the position of Y32 in the active-site conformation associ-
ated with intrinsic hydrolysis.

It is clear from the Ras mutational spectra listed in Table 2
that the G12D, G12V, Q61K, Q61L, and Q61R mutations pre-
dominate over other mutations. However, although the struc-
tural perturbations of the active site caused by these mutants
explain how theymay contribute to oncogenic transformation,
they do not explain their prevalence over other mutants (e.g.,
G12I and Q61V) that are expected to have similar active-site
perturbations and are equally potent in promoting transfor-
mation in NIH-3T3 cells (36, 39). In vitro experiments indicated
that themost highly transforming G12mutants in cells are I, V,
L, T, and R (36). G12I/L/T mutations require more than one
base substitution to occur, which explains their relative rarity.
In contrast, the highly potent G12R requires only a single
substitution of the first base, yet it is also rare. It is notable
that the most frequently observed mutations, G12D and G12V,
occur after middle-base substitutions. Although there is no
obvious protein-structural reason for their predominance, we
speculate that their abundance may reflect their relative
potency combined with the broad specificity of mutagens for
changing the middle base of codon 12.

The situation is much more clear for the Q61 mutants, of
which V, L, K, A, C, and R are the most highly transforming
mutants in NIH-3T3 cells (39). Of these, only L, K, and R, the
predominant Q61 mutants, result from single base changes in
the wild-type codon for glutamine. The potency of the highly
transforming Q61 mutants derives from the fact that, in
addition to perturbing the conformation of the active site,
as described above, these mutants shift the conformational
equilibrium toward an anticatalytic conformation of switch II
when in complex with RAF (40).

Because the effector lobe is identical in all of the isoforms,
the isoform-specific preferences for G12, G13, or Q61 muta-
tions shown in Fig. 2 must be due to components that interact
with themembrane and are found entirely in the allosteric lobe
(Fig. 3A) and theC-terminalHVR. TheHVR in particular carries
low homology between the isoforms and directs localization in
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membrane environments with a distinct composition for each
isoform (3). Interaction at the recently discovered allosteric
site may be sensitive to the membrane composition, and this
site is directly linked to the active site through the allosteric
switch, which in turnmay be affected differently by the various
oncogenic mutations.

Isoform-specific Ras signaling
Distinctive signal outputs by Ras isoforms may also con-

tribute to the bias in Ras mutation frequencies. Although
these outputs are almost identical, they are not functionally
redundant. Themainmodel currently used to explain isoform-
specific Ras signaling involves compartmentalization
(3, 41, 42). This model is based on the fact that the only area
of significant protein-sequence divergence between the iso-
forms is in the final 25/26 amino-acid HVR that contains all of
the membrane binding and trafficking information (Fig. 1).
Although the plasma membrane is the major location for all
Ras isoforms, they have also been localized to intracellular
membranes such as the endoplasmic reticulum, Golgi, endo-
somal network, and mitochondria (2). Each isoform is present
in these locations in different concentrations due to differences
in total abundance, specific targeting, and relative affinity (43–
49). These differences in relative localization are believed to
enable the Ras isoforms to come into contact with different
pools of regulators and effectors to generate overlapping but
distinctive outputs.
Investigators have identifiedmore than 20 effectors that can

be broadly categorized as kinases or regulators of other
GTPases (2). The most important of these are the prolifera-
tion-inducing Raf/MEK/ERK kinase cascade and the phospha-
tidylinositol 3-kinase (PI3K)/protein kinase B (PKB)/Akt path-
way that promotes cell survival. In vitro experiments have
shown that H-Ras is a better activator of PI3K, and K-Ras is
more strongly coupled to Raf and Rac (50–52). Of more
importance, endogenous isoform-specific differences have
been identified in human andmouse development. In humans,
germline mutations of each isoform generate overlapping but
distinctive sets of neuro-cardio-facial proliferative disorders
(53). These mutations also favor Ras activation but are largely
distinct from themain oncogenicmutations (Fig. 1). Inmice, K-
Ras knockout is lethal, whereas N-Ras and H-Ras double-
knockout mice apparently develop normally (54–56). Of note,
H-Ras is able to substitute for K-Ras when placed under the
same endogenous locus (57). Together, these findings indicate
that precisely coordinated expression is critical, and argue
against the notion that pathways are uniquely regulated by
individual isoforms.
Although all 3 of these isoforms have been investigated in

terms of their oncogenic signaling properties, relatively few
studies have directly compared them. A good in vitromodel for
future work would be the isogenic-cell approach, in which
mutant endogenous genes are compared in an identical genet-
ic background. Using this type of approach, Keller and collea-
gues (58) showed that K-Ras is more potent at generating
colorectal cell transformation and modulating signaling than
the other isoforms. Equivalent mouse models with oncogenic
mutations to endogenous genes have also been instructive. In

genetically engineered mice, G12D-mutated K-Ras (but not N-
Ras) promoted widespread colonic epithelial hyperplasia as
well as neoplasia when combined with the adenomatous
polyposis coli mutations commonly seen in colon cancer
(59). It was proposed that the unique capacity of K-Ras to
promote colorectal adenocarcinoma is linked to proliferative-
pathway signaling via Raf, whereas N-Ras triggers cell-survival
pathways to inhibit apoptosis (59, 60). Of interest, mutant N-
Ras (but not K-Ras) conferred resistance to apoptosis in
response to the inflammatory cytokine tumor necrosis factor
a, suggesting a model in which the relatively infrequent N-Ras
mutations associatedwith colorectal cancermay be associated
with selective pressure exerted by chronic inflammation
(60, 61).

The data on isoform-specific signaling are not yet compre-
hensive; however, it seems clear that the differences are
relatively subtle and tissue context specific. This is exemplified
by comparative studies that revealed that G12V-mutated K-
Ras promotes endodermal stem cell expansion by promoting
proliferation and inhibiting differentiation (62). In contrast,
mutant N-Ras had no detectable effect, and H-Ras G12V
actively promoted differentiation. All of the Ras isoforms
differentially used the same effector pathways to achieve these
disparate effects (62). These results are significant because
many cancers, including pancreatic, lung, and colorectal can-
cers, are of endodermal origin. These data suggest a model in
which K-Ras is coupled to these major types of cancer via its
role in expanding cancer progenitor cells in endodermal
tissues (1, 63).

It is important to note that signaling is also highly
context dependent. The beneficial effects of G13D versus
G12D mutations as prognostic indicators for anti-EGFR
therapy in advanced colorectal cancer are not evident in
non–small cell lung cancer (14, 64). A parallel observation is
that the Ras effectors BRAF and PIK3CA are far more
frequently mutated in colorectal cancer (11%–13%) than
in non–small cell lung cancer (1%–2%) and pancreatic
carcinoma (<1%). This implies a different dependency on
the activation of specific effector pathways in cancer types
that exhibit high rates of KRAS mutations (17%–61%), and
suggests differential coupling between KRAS and key effec-
tor pathways. In light of the G12D/G13D observations in
advanced colorectal cancer, it is also tempting to speculate
that specific cancers may be promoted predominantly by
upregulation of particular signaling pathways that may be
most sensitive to mutations at a given residue. Strong
support for this notion comes from work on the Ras
allosteric switch that is associated specifically with the
Ras/RAF/MEK/ERK pathway, where the Ras–RAF interac-
tion severely impairs hydrolysis in highly transforming Q61
mutants such as Q61L and Q61K (40). Thus, the Q61
mutants are expected to have a very strong oncogenic
effect where the RAF pathway is primarily involved in
promoting cancer through a malfunction of the allosteric
switch. Of interest, N-Ras, for which Q61 mutants are
particularly prominent in cancers, is also the only isoform
for which a mutation in the allosteric site has been found in
tumors (at the R97 position; Fig. 1).
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In summary, these data reveal that Ras isoforms are differ-
entially capable of influencing important phenotypic
responses that contribute to cancer initiation and progression.
K-Ras appears to be the most capable of sustaining cancer
programs, and this would translate into strong selective pres-
sure for mutations of this isoform. However, it is striking that
despite a prolonged period of investigation, the differences in
the signal network responses that are responsible for the
preeminence of K-Ras over the other isoforms and their
context-dependent signaling remain largely uncharacterized.

Conclusions
We have examined the mutational spectra of 3 Ras isoforms

and identified differences that are likely a consequence of
multiple interacting intrinsic and extrinsic factors. A tissue-
specific comparison among these isoforms indicates that these
differences are not simply due to differences in mutagen
exposure that could create the heterogeneity observed across
a single isoform. We have identified genetic, epigenetic, and
protein-based mechanisms that may contribute to generating
these mutational spectra. The expression of 3 almost identical
Ras isoforms from separate gene loci presents a unique oppor-

tunity to deconvolve these mutations. Consequently, this
represents an idealmodel system for probing generic questions
about mutagenesis, carcinogenesis, signaling network integra-
tion, and how contextual influences such as relative abun-
dance, tissue expression, and subcellular localizationmodulate
these complex phenomena.We anticipate important advances
in our understanding of these areas in the near future with the
development of large-scale screening platforms, isogenic mod-
el systems, and a more systematic approach toward analyzing
the isoforms in parallel.
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