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ABSTRACT
◥

The RAS family of small GTPases represents themost commonly
activated oncogenes in human cancers. To better understand the
prevalence of somatic RASmutations and the compendiumof genes
that are coaltered in RAS-mutant tumors, we analyzed targeted
next-generation sequencing data of 607,863 mutations from 66,372
tumors in 51 cancer types in the AACR Project GENIE Registry.
Bayesian hierarchical models were implemented to estimate the
cancer-specific prevalence of RAS and non-RAS somaticmutations,
to evaluate co-occurrence and mutual exclusivity, and to model the
effects of tumor mutation burden and mutational signatures on
comutation patterns. These analyses revealed differential RAS
prevalence and comutations with non-RAS genes in a cancer
lineage-dependent and context-dependent manner, with differ-
ences across age, sex, and ethnic groups. Allele-specific RAS co-
mutational patterns included an enrichment in NTRK3 and chro-
matin-regulating gene mutations in KRAS G12C-mutant non–
small cell lung cancer. Integrated multiomic analyses of 10,217

tumors from The Cancer Genome Atlas (TCGA) revealed distinct
genotype-driven gene expression programs pointing to differential
recruitment of cancer hallmarks as well as phenotypic differences
and immune surveillance states in the tumor microenvironment of
RAS-mutant tumors. The distinct genomic tracks discovered in
RAS-mutant tumors reflected differential clinical outcomes in
TCGA cohort and in an independent cohort of patients with KRAS
G12C-mutant non–small cell lung cancer that received immuno-
therapy-containing regimens. The RAS genetic architecture points
to cancer lineage–specific therapeutic vulnerabilities that can be
leveraged for rationally combining RAS-mutant allele-directed
therapies with targeted therapies and immunotherapy.

Significance: The complex genomic landscape of RAS-mutant
tumors is reflective of selection processes in a cancer lineage–
specific and context-dependent manner, highlighting differential
therapeutic vulnerabilities that can be clinically translated.

Introduction
The RAS family of small GTPases represent the most commonly

activated oncogenes, with mutations in KRAS, NRAS, andHRAS found
in approximately one-third of all human cancers (1, 2). RAS proteins
function as binary switches that cycle from an inactive GDP-bound
state to an active GTP-bound state, in response to upstream signaling,
typically from receptor tyrosine kinases. The majority of RAS muta-
tions affect codons 12, 13, or 61 near the nucleotide binding pocket
(3), resulting in loss of GTPase activity and constitutive activation of
RAS (4). These hotspot mutations promote oncogenic transformation
across human cancers (5–8) with the position and type of substitution
show a tumor type–dependent distribution (9). KRAS codon 12 muta-
tions are most commonly seen in pancreatic adenocarcinoma (PAC),
lung adenocarcinoma (LUAD), and colorectal carcinoma (10–12)
and may be linked with differential clinical outcomes (13, 14). NRAS
Q61 mutations are more prevalent in melanoma (15), while NRAS
G12 mutations are more frequently seen in hematologic malig-
nancies (16). HRAS mutations are overall less frequent and predom-
inantly occur in head and neck squamous cell carcinoma and bladder
cancer (17, 18).

Nevertheless, tissue- and context-specific prevalence and comuta-
tion patterns of RAS genes remain incompletely understood. To this
end, elucidating the patterns of RASmutations may reveal biologically
relevant differences that point to differential therapeutic vulnerabil-
ities. This is particularly timely given the development of novel inactive
state-selective inhibitors that trap KRAS G12C in its GDP-bound
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state (19, 20), as well as pan-RAS inhibitors of the active GTP-bound
form of RAS (21). The clinical development of different classes of
RAS-targeting agents highlights the need for comprehensive studies
evaluating the prevalence of RAS mutations across tumor types and
assessing for potential dependencies between RAS and non-RAS
mutations. Here, we sought to understand the distribution and
heterogeneity of mutant RAS alleles in a comprehensive pan-cancer
manner and developed novel analytic frameworks for assessment of
prevalence and comutation patterns of RAS genes leveraging next-
generation sequencing (NGS) data and >600,000 mutations from
>66,000 individuals across 51 cancer types in the AACR Project
GENIE Registry (version 6.1; ref. 22). Our analyses highlight the
context-dependent genomic diversity of RAS and may inform the
development of effective tissue-specific targeted therapeutic
strategies.

Materials and Methods
Cohort description

We extracted targeted NGS data from the AACR Project GENIE
Registry (version 6.1), encompassing 66,372 patients across 51
cancer types and 19 study centers (Supplementary Table S1). Of
these patients, 2,959 had multiple tumor samples sequenced and 343
had multiple tumor types. For each patient with multiple samples
sequenced, a single tumor sample was selected for inclusion
in subsequent prevalence and co-occurrence analyses. While
RAS prevalence analyses and comutation of RAS with copy-
number aberrations and fusions in non-RAS genes were performed
utilizing all available patients (n ¼ 66,372), only cases with matched
tumor and normal DNA sequencing were included in the comuta-
tion analyses of non-RAS sequence variants to avoid bias related to
single nucleotide polymorphisms (SNP) and other germline altera-
tions. To this end, 27,257 patients across 49 cancer types and three
study centers were utilized for comutation analyses with sequence
variants (Supplementary Table S2). For a subset of patients with
non–small cell lung cancer (NSCLC), clinical metadata was
retrieved and clinical outcomes with immunotherapy-only and
immunotherapy-containing regimens were assessed (n ¼ 209;
Supplementary Table S3). For The Cancer Genome Atlas (TCGA)
cohort, whole-exome sequencing derived multicenter mutation calls
from TCGA pan-cancer atlas (23) were retrieved from the NCI
Genomic Data Commons for 10,217 tumor samples [https://gdc.
cancer.gov/about-data/publications/mc3–2017; adrenocortical car-
cinoma (ACC) ¼ 92, bladder urothelial carcinoma (BLCA) ¼ 411,
breast invasive carcinoma (BRCA) ¼ 1,026, cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC) ¼ 291, cho-
langiocarcinoma (CHOL) ¼ 36, colon adenocarcinoma (COAD) ¼
406, lymphoid neoplasm diffuse large B-cell lymphoma (DLBC) ¼
37, esophageal carcinoma (ESCA) ¼ 185, glioblastoma multiforme
(GBM)¼ 400, head and neck squamous cell carcinoma (HNSCC)¼
509, kidney chromophobe (KICH) ¼ 66, kidney renal clear cell
carcinoma (KIRC) ¼ 370, kidney renal papillary cell carcinoma
(KIRP) ¼ 282, acute myeloid leukemia (LAML) ¼ 140, brain lower
grade glioma (LGG) ¼ 525, liver hepatocellular carcinoma (LIHC)
¼ 365, LUAD ¼ 517, lung squamous cell carcinoma (LUSC) ¼ 485,
mesothelioma (MESO) ¼ 82, ovarian serous cystadenocarcinoma
(OV) ¼ 411, pancreatic adenocarcinoma (PAAD) ¼ 178,
pheochromocytoma and paraganglioma (PCPG) ¼ 184, prostate
adenocarcinoma (PRAD) ¼ 498, rectum adenocarcinoma (READ)

¼ 150, sarcoma (SARC) ¼ 239, skin cutaneous melanoma (SKCM)
¼ 468, stomach adenocarcinoma (STAD)¼ 439, testicular germ cell
tumors (TGCT) ¼ 134, thyroid carcinoma (THCA) ¼ 500, thy-
moma (THYM) ¼ 123, uterine corpus endometrial carcinoma
(UCEC) ¼ 531, uterine carcinosarcoma (UCS) ¼ 57, uveal mela-
noma (UVM) ¼ 80] and filtered to keep nonsynonymous altera-
tions. Clinical annotations of tumors were accessed using TCGA
clinical data resource (24).

NGS, tumor mutation burden, and mutational spectra
Various NGS panels covering a median of 78 kb of coding

sequence per sample [interquartile range (IQR): 22 kb–1,181 kb]
were utilized, yielding a total of 607,863 sequence alterations,
980,850 copy-number aberrations and 6,514 fusions. A median of
4 (IQR: 2–8) sequence genomic alterations were detected per tumor
sample. We considered all KRAS-, NRAS-, and HRAS-mutant
alleles at codons 12, 13, or 61 and estimated their prevalence by
gene, codon, and allele. Non-RAS sequence mutations were further
characterized as hotspots [recurring ≥ 10 times in COSMIC version
92.1.0 (25)], driver missense mutations [utilizing a CHASMplus
score of ≥ 0.75 (26)], putative loss-of-function sequence alterations
(frameshift, nonsense, splice site mutations) and considered as
single features as well as in the context of gene families and
pathways. Non-RAS structural alterations were also considered
and were limited to fusions, deep deletions and high-level ampli-
fications to include structural aberrations most likely to be onco-
genic. With each build of GENIE, a bed file is released by Synapse
(http://www.synapse.org) that provides the set of HUGO gene
symbols targeted by each assay. In a separate file, information is
provided that maps the sequencing ID for a sample to the assay ID.
By merging these two files, we determined for each gene pair the set
of platforms and corresponding samples available for analysis.
For a given gene pair, the denominator was derived by the number
of samples sequenced on the platforms that included both genes.
We performed a very limited assessment of mutation cellular
fractions for a pair of presumed clonal alterations (KRAS/STK11)
and a pair of putatively clonal/subclonal alterations (KRAS/
PIK3CA) assuming the same purity and allelic ploidy. Overall,
the data modalities available through the AACR project GENIE
registry were inadequate to accurately computationally derive
mutation cellular fractions as allele-specific copy numbers could
not be computed. Estimation of the number of nonsynonymous
somatic mutations per Mb (tumor mutation burden; TMB)
was calibrated using ATGC, a machine learning model that incor-
porates positional and sequence related contexts to identify somatic
variants (27). For mutation signature analyses, we restricted
the dataset to 19,057 patients with a TMB of at least 1 muta-
tion/Mb. Mutational signatures per tumor sample were determined
on the basis of the fraction of coding single-nucleotide variants in
each of 96 trinucleotide contexts using the deconstructSigs R
package (28).

Log-linear models for mutation frequencies
To jointly model RAS mutation prevalence in multiple cancer

types, we implemented a Bayesian hierarchical logistic model with
diffuse priors using JAGS version 4.3.0 (29). The hierarchical model
shrinks the empirical cancer-specific prevalence to the average
prevalence from all available cancer types in the AACR Project
GENIE Registry. For rare cancer types, the amount of shrinkage can
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be large while for well-represented cancers the posterior mean from
the Bayesian model will be nearly equivalent to the empirical
fraction of patients with a RAS variant (30). The sampling distri-
bution for the number of patients yi with a RAS mutation in cancer
type i is given by

yie binomial ni; �ið Þ
logit �ið Þ ¼ aþ bi

a e normal ma; s
2
a

� �
bi e normal mb; s

2
b

� �
maenormal 0;100ð Þ
mbenormal 0; 16ð Þ

1
s2
a
; 1
s2
b eGamma 0:001; 0:001ð Þ:

This model was fit independently for each of the 20 different RAS
hotspot mutations and for each of the different amino acid sub-
stitutions (e.g., G12A, G12C, etc.) using all 66,372 tumor samples.
Posterior summaries were based on 30,000 Markov chain Monte
Carlo (MCMC) iterations from three independent chains following
a burn-in of 500 simulations. In addition to the marginal cancer-
specific prevalence of RAS mutations, we also estimated prevalence
stratified by sex, race, and age. To allow for a nonlinear relationship
between prevalence and age, we stratified patients into four age
strata: <40, 40–50, 51–65, and >65. For a given cancer type, we
evaluated the above model with i denoting the stratum for sex, race,
or age. To report the difference between the marginal (overall)
prevalence and the prevalence within sex, race, or age, we fit two
independent beta-binomial models using beta (0.5, 0.5) priors and
summarized the difference in the two posterior distributions by the
0.025, 0.5, and 0.975 quantiles.

Modeling co-occurrence
To characterize co-occurrence of RAS hotspot mutations with

other non-RAS mutations, we aggregated non-RAS mutations to
the gene level. For sequence mutations, we limited our analyses to
patients with sequenced matched normal DNA to avoid spurious
associations with germline variants (study centers MSK, UHN,
and UCSF). We limited co-occurrence analyses to cancers with at
least 50 RAS variants and 50 variants of the non-RAS gene. We
used a Poisson log-linear model to estimate the cancer-specific
rates of co-occurrence between RAS variants and variants in
other genes. Representing the data as a K-dimensional array of
2 � 2 tables (K denotes the number of cancers with at least
20 patients), yijk denotes the number of patients with cancer type
k with RAS variant i and non-RAS gene variant j. For each gene,
the log-linear model includes a main effect for the RAS variant, a
main effect for the gene variant, and an interaction term to quantify
whether RAS and non-RAS variants were more likely to co-occur
or appear mutually exclusive. This approach, while points to
positive selection, does not imply an evolutionary order of muta-
tions, rather, comutation indicates whether two variants occur in
tumors more often or less often than expected under an indepen-
dence model. We used a Bayesian hierarchical implementation
to share information between cancer types and to estimate the
overall association between two genes. As in the prevalence model,
codependency estimates for rare cancer types were pulled toward
the overall association while posterior means and medians of the
regression coefficient for the interaction term for well-represented
cancer types approximate empirical estimates. The full model for
the frequencies of co-occurrences of RAS mutations with non-RAS

variants using the total number of subjects of cancer type k, yk, as an
offset is given by

yijkePoisson �ijk
� �

log �ijk
� � ¼ log y:kð Þ þ hkþ lRik þ lXjk þ lRXijk

lRik; l
X
jk; l

RX
ijk eNormal mh; shð Þ

hk;mheNormal 0; 5ð Þ; and
sheHalf-Cauchy 0; 2:5ð Þ for h ¼ R; X; andRX:

The coefficient lRXijk is the log OR for an association between RAS

and gene X. Nonzero values of lRXijk indicate a departure from inde-

pendence, positive values indicate co-occurrence more often than
expected from the marginal prevalence of these variants, and negative
values suggest co-occurrence less often than expected with mutual
exclusivity as an extreme. Upper-level parameters mRX and sRX
describe the overall mean association and the heterogeneity of the
association across the K strata. Co-occurrence models were imple-
mented using Stan and rstan (31, 32). Hypothesizing that for some
genes the co-occurrence with RAS hotspots variants may only be
evident among inactivating mutations, copy-number alterations, or
rearrangements, we additionally evaluated co-occurrence of RAS
hotspot variants with these othermutation types. In total, we evaluated
48,564 inactivating mutations across 500 genes, 26,172 homozygous
deletions, 66,920 high copy amplifications, and 6,514 gene–gene
fusions. As structural changes in coding regions resulting from high
copy amplifications, homozygous deletions, and gene–gene fusions are
more likely to be somatic, all 66,372 patients were utilized for these
analyses.

Statistical significance and multiple testing
While our analysis is Bayesian and we use posterior credible

intervals from the hierarchical models to evaluate evidence of comuta-
tion dependencies, we also provide frequentist P values as one-number
summaries that can be compared with conservative thresholds for
statistical significance based on the number of non-RAS genes eval-
uated and whether the non-RAS gene is a known cancer driver. As the
posterior distribution of the regression coefficients l were approxi-
mately normal, two-sided P values were obtained by 2� (1��(|�l|/sl)
where � denotes the standard normal cumulative distribution func-
tion, �l is the posterior mean, and sl the posterior SD. We report
P values on the negative log10 scale. To evaluate statistical significance
of the nominal P values, we also computed the maximum P value that
would be statistically significant following Bonferroni correction for
multiple hypothesis testing. Among N0 non-RAS genes not known to
be cancer drivers and N1 known cancer drivers, we computed cutoffs
for statistical significance as 0:1� 0:05

N0
and 0:9� 0:05

N1
, respectively,

thereby controlling the overall familywise error rate at 0.05 and
allowing a 9-fold greater prior weight for variants in genes that are
more likely to influence positive or negative selection at the cellular
level. This approach is likely conservative as shrinkage from the
hierarchical model would curtail statistical significance of any unusual
patterns, particularly for comparisons involving cancers that were rare
in the AACR Project GENIE Registry.

Simulation of co-occurrence frequencies
As mutual exclusivity of KRAS and EGFR mutations is well estab-

lished, we used the empirical co-occurrence frequencies of these
two genes in NSCLC, colorectal carcinoma, and melanoma as the
basis of our simulations. For each of these cancers, we calculated the
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coefficients for a saturated log-linear model. For a new cancer (sim-
ulated) with n patients, we sampled coefficients from a normal
distribution centered at the average coefficients from the observed
cancers. For example, the interaction term was simulated as lRX� �
normal (lRX, sl), such that deviations from the true population-level
parameter lRX for a given simulation is controlled by sl. To simulate
the co-occurrence frequencies for this cancer, we specified the number
of available patients (n¼ 50, 100, or 150), sl (sl¼ 0.1, 0.2, or 0.5), and
sampled co-occurrence frequencies from a multinomial distribution
with probabilities calculated from h�, lR�, lX�, and lRX� (adding
another level of sampling variability to the simulated co-occurrence
frequencies). For each combination of sl and n, we independently
simulated 100 datasets, generating a total of 900 co-occurrence
datasets. The Bayesian hierarchical model was fit independently to
each of the 900 simulated datasets. For each evaluated model, we
performed a burnin of 5,000 MCMC simulations and 10,000 simula-
tions following burnin. A thinning parameter of 10 was used to reduce
autocorrelation of the MCMC chains. A quantile-based 95% credible
interval for lRX and the posterior median were obtained for each
simulated dataset. For comparison, we computed ORs and 95%
confidence intervals for Fisher exact and x2 tests of co-occurrence in
the simulated cancer. For each combination ofsl and n and each of the
three methods evaluated (Bayesian hierarchical model, Fisher exact,
and x2), we calculated the proportion of 100 simulations where the
credible interval (or confidence interval) for the interaction coefficient
spanned the true value.A 95%confidence interval for the proportion of
spanning intervals was obtained from a beta-binomial with a uniform
beta prior. As the above simulations assume that the relationship
betweenKRAS and EGFR in the simulated cancer is likely to be similar
to the relationship in other cancers, we also simulated datasets where
the log-linear model coefficients were completely independent from
the three GENIE cancers listed above. In particular, the interaction
coefficient was simulated from a normal distribution centered at zero
with SD 0.5. Given the true parameter values that were independent of
GENIE, we then simulated l�coefficients and co-occurrence frequen-
cies from a multinomial distribution as previously described. The
Bayesian hierarchical model estimates co-occurrence for the simulated
cancer using data from all four cancers, while x2 and Fisher exact tests
were computed for the simulated cancer alone. For each of the three
models, we calculated the proportion of 100 simulated datasets that the
95% credible interval (Bayesian model) or confidence interval (x2 and
Fisher exact) spans the true value of the interaction coefficient lRX.

Comparison of Bayesian hierarchical model to existing
approaches for mutation co-occurrence detection

We compared our approach for identifying co-occurrence and
mutual exclusivity with SELECT v1.6 (33) and DISCOVER (34). We
tested 3,513 NSCLC samples with matched tumor-normal NGS data
from the GENIE cohort for co-occurrence and mutual exclusivity,
limiting our analyses to comutations of KRAS codons 12, 13, and 61
with other non-RAS genes that were mutated in 50 or more samples.
DISCOVERwas run by setting alternative parameter to less formutual
exclusivity and greater for co-occurrence. These analyses are summa-
rized in Supplementary Table S4.

Stratification of co-occurrence models by potential
confounders

TMB, mutation signatures, age, race, and sex were considered as
potential confounders of the co-occurrence estimates. To assess
whether co-occurrence was associated with any of these character-
istics, we evaluated a similar model as in a co-occurence model but

with k denoting strata of the confounding variable of interest. For the
assessment of TMB as a potential confounder, we stratified patients
into 5 quintiles of TMB with k indexing the quintile. We excluded
patients in the first TMB quintile (fewer than < 1 mutation/Mb) from
these analyses. The interaction coefficient in this model, l(RX)ijk,
quantifies the co-occurrence of RAS and gene X among patients with
similar TMB. The parameter mRX describes the overall association
between RAS and gene X and the heterogeneity of this association
between TMB strata. Similarly, we implemented the hierarchical
model for stratification of co-occurrence by race, sex, age, and tumor
type. To highlight interactions with potential confounding, we selected
comutations for which one or more of the strata-specific 95% credible
intervals did not overlap the 95% credible interval in the multicancer
model. In addition, we limited the stratified analyses to comutations
and cancer types having at least 100 RAS and non-RAS mutations.

RNA-sequencing analyses
After identifying candidate mutations in tumors from TCGA set,

the following procedure was applied iteratively across all cancer types.
First, the TCGAbiolinks R package was used to retrieve harmonized
raw RNA-sequencing counts data from the NCI Genomic Data
Commons within the target cancer type (35). Both the mutations and
counts data were then filtered to remove tumors without both data
modalities. A total of 9,258 tumor samples with both whole-exome
mutation calls and RNA sequence data were subsequently analyzed
(COAD, n ¼ 404; LUAD, n ¼ 511; PAAD, n ¼ 170; READ, n ¼ 146;
SKCM, n¼ 466; UCEC, n¼ 526; ACC, n¼ 79; BLCA, n¼ 406; BRCA,
n ¼ 1014; CESC, n ¼ 288; CHOL, n ¼ 36; DLBC, n ¼ 37; ESCA, n ¼
161; GBM, n¼ 159; HNSCC, n¼ 495; KICH, n¼ 65; KIRC, n¼ 365;
KIRP, n¼ 279; LAML, n¼ 67; LGG, n¼ 521; LIHC, n¼ 360; LUSC,
n¼ 482;MESO, n¼ 81; OV, n¼ 255; PCPG, n¼ 183; PRAD, n¼ 495;
READ, n ¼ 146; SARC, n ¼ 237; SKCM, n ¼ 466; STAD, n ¼ 373;
TGCT, n ¼ 151; THCA, n ¼ 495; THYM, n ¼ 118; UCS, n ¼ 56; and
UVM, n ¼ 80). For each pair or triplet of RAS with non-RAS
mutations, tumors were categorized as double/triple mutants (all RAS
and non-RAS mutations present), RAS mutants (only RAS mutations
present), target mutants (only non-KRAS mutations present), or wild
type (no mutations in RAS or non-RAS genes considered present).
Cases with less than 10 mutations per comparison group were
excluded, this filter restricted the downstream analyses to 1,308
COAD, LAD, PAAD, READ, SKCM, and UCEC tumors. DESeq2
was used to test for gene expression differences between double/triple
mutants versus RAS-mutant tumors are well as non–RAS-mutant
tumors versus wild-type tumors within single cancer types (36). The
resulting differential expression was then analyzed by gene set enrich-
ment analysis (GSEA) using fgsea with a curated list of genes from the
Molecular SignaturesDatabase (37) using�log(FDR) � sign(FC) as the
ranking metric where FDR is the FDR and FC is the fold change (38).
To visualize results of GSEA across multiple comparisons for LUAD,
uniformmanifold approximation and projection (UMAP) dimension-
ality reduction and k means clustering were performed. Normalized
enrichment scores were drawn from all TCGA-LUAD cohort com-
parisons involving aKRASG12Cmutation for input intoUMAPusing
the uwot R package with default settings. Clustering was performed
with the k means R function with 10 centers and 50 random starts.

Survival analyses
The Kaplan–Meier method was used to estimate the survival

function and the survival curves were compared using the nonpara-
metric log-rank test. All P values were based on two-sided testing and
differences were considered significant at P < 0.05. Statistical analyses
were done using R version 3.6 and higher (http://www.R-project.org/).
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Availability of code
We used the R package workflow to facilitate reproducibility

of tables and figures (39) and Github to host the open source
code (https://github.com/cancer-genomics/genie_ras_hallmarks).
All results and visualizations can be accessed at http://www.ras-
hallmarks.jhmi.edu/.

Results
Approach

Tobetter understand the prevalence of somatic RASmutations in an
unbiased pan-cancer manner, we utilized targeted NGS data from the
AACR Project GENIE Registry version 6.1, encompassing 607,863
mutations from 66,372 individuals across 51 cancer types and 19 study
centers (Supplementary Table S1; Supplementary Fig. S1; ref. 22). We
estimated the cancer type–specific prevalence of KRAS-, NRAS-, and
HRAS-mutant alleles at codons 12, 13, and 61 using a Bayesian
hierarchical model in the overall population and stratified by age,
race, and sex (Materials andMethods). These analyses enable posterior
distributions for the prevalence of RAS mutations and allow infor-
mation to be shared across cancer types and across age, sex, and ethnic
groups through the hierarchical structure. We then investigated the
compendium of genes with RAS-dependent comutations and per-
formed a comprehensive pan-cancer analysis of RAS comutation
patterns with mutations, copy-number alterations, and rearrange-
ments in non-RAS genes in a context-dependent manner (Materials
and Methods). We restricted comutation analyses with sequence
variants to 27,257 individuals for whom matched tumor-normal
DNA-targetedNGS data were available to avoid bias related to analysis
of germline SNPs. These analyses encompassed 190,490 mutations
across 49 cancer types and three study centers (Supplementary
Table S2; Supplementary Fig. S1) and revealed unique patterns of
RAS co-occurrence and mutual exclusivity with non-RAS somatic
mutations. We modeled RAS/non-RAS co-occurrence using a Bayes-
ian hierarchical model and compared its performance by simulation of
co-occurrence frequencies as well as by comparison with existing
methods (Materials and Methods; refs. 33, 34), showing that
the Bayesian hierarchical model was superior to other approaches
(Supplementary Figs. S2 and S3; Supplementary Table S4). As tumor
genomic features, including TMB, and mutational signatures could
confound the comutation analyses, we evaluated comutation patterns
stratified by these genomic characteristics (Materials and Methods).
To investigate differences in cancer hallmark activation in tumors with
RAS comutations, we integrated genomic and transcriptomic
sequence data from 10,217 tumors from TCGA. The association of
RAS allele comutation profiles with clinical outcomes was interrogated
in the pan-cancer cohort from TCGA as well as in a cohort of patients
with NSCLC from the AACR project GENIE registry who received
immunotherapy-containing regimens.

Pan-cancer prevalence of mutant RAS alleles
Consistent with previous studies (1), the posterior median preva-

lence and 95% credible interval (2.550.097.5 percentiles) for RAS
codon 12, 13, and 61 mutations varied among cancer types, ranging
from 72.374.075.7% in PAC, 42.343.544.7% in colorectal carcinoma,

28.829.730.6% in NSCLC, 23.725.326.9% in melanoma, 19.120.922.7% in
cancer of unknown primary (CUP), 4.65.97.3% in myelodysplastic/
myeloproliferative syndrome, and 1.21.51.8% in central nervous system
tumors (Supplementary Fig. S4; Supplementary Table S5). RAS muta-
tions were less common in prostate, breast, kidney cancer,
and mesothelioma with mutation rates affecting �1% of individuals.

KRAS mutations occurred at higher frequency in a wide range of
cancers, including gastrointestinal tumors, lung cancer, and gyneco-
logic malignancies (Fig. 1), while NRAS was more frequently mutated
in melanoma, thyroid cancer, and hematologic malignancies and
HRAS was overall less frequently mutated (Supplementary Fig. S5).
A prevalence analysis at the mutant allele level confirmed that the type
of amino acid substitution at the codon level showed tissue specificity,
such that NSCLC predominantly harbored KRAS G12C in contrast to
colorectal carcinoma and PAC where G12C represented 10% and 1%
of codon 12mutations, respectively. In PAC, hepatobiliary, ampullary,
colorectal carcinoma, small bowel, and appendiceal cancer, KRAS
G12D was the predominant KRAS mutation; however, G12D com-
prised only 17% of codon 12 mutations in NSCLC. KRAS G12R
mutations were rare in colorectal carcinoma and NSCLC (1%–2%),
but were the third most frequent alteration in PAC (Fig. 1; Supple-
mentary Table S6). KRAS G13D was the third most frequent RAS
alteration in colorectal carcinoma, small bowel, ampullary, and appen-
diceal cancer as well as in leukemia, whereas KRAS Q61H followed
codon 12 mutations in PAC and hepatobiliary cancer. In gynecologic
malignancies, KRAS G12V and G12D were the most prevalent altera-
tions, followed byNRASQ61R and KRASG12A in ovarian cancer and
KRAS G13D and G12A in uterine cancer. Interestingly, the RAS
genetic heterogeneity of CUP resembled both colorectal carcinoma/
APC and NSCLC tumors, with recurring mutations in KRAS G12D,
G12V,G12C, andG13D.A similar genomic heterogeneity at the codon
level was noted for NRAS-driven tumors, such as melanoma, thyroid
cancer, and leukemia (Supplementary Fig. S6). NRAS Q61R was the
dominant alteration for melanoma and thyroid cancer and the leading
NRAS alteration in ovarian cancer, while NRAS G12D was more
frequent in leukemia. NRAS Q61K was the second most frequent
NRAS alteration in melanoma and thyroid cancer, while NRAS
G13D and Q61R were more frequent in leukemia (Supplementary
Fig. S6). The most prevalent HRASmutations were Q61R in thyroid
cancer, head and neck cancer, and bladder cancer, with a lower
prevalence of HRAS Q61K mutations detected in thyroid cancer
(Supplementary Fig. S7).

Prevalence of mutant RAS alleles is context dependent
We subsequently tailored the prevalence analyses to investigate

differences in the distribution of mutant RAS alleles by age, sex, and
race (Fig. 2; Supplementary Table S7). Notably, when compared to the
overall population prevalence estimates, RAS mutations were less
prevalent in younger patients with melanoma (7.311.815.7% lower),
CUP (7.312.516.5% lower), NSCLC (7.611.014.2% lower), and PAC
(7.714.621.7% lower). Conversely, RAS mutations were more prevalent
in younger patients with ovarian cancer (8.915.823.5% higher) and B-
lymphoblastic leukemia/lymphoma (0.28.216.7% higher) compared
with the overall population (Fig. 2). The prevalence of KRAS codon
12 mutations was lower in younger patients with PAC (7.714.822.0%
lower), CUP (9.012.615.2% lower), and NSCLC (7.010.113.0% lower). At
the mutant allele level, these differences were driven by the lower
prevalence in younger patients of NRAS Q61 L in melanoma, KRAS
G12C andG12V inCUP,KRASG12C andG12V inNSCLC, andKRAS
G12D, G12R, and G12V in PAC (Fig. 2; Supplementary Fig. S7). In
contrast, the prevalence ofNRASG12Dwas higher in younger patients
with B-lymphoblastic leukemia/lymphoma, whereas theKRASG12C-,
G12D-mutant alleles were more prevalent in younger patients
with ovarian cancer. KRAS G12V mutations were less frequent in
younger patients with colorectal carcinoma, whereas KRAS G13D
mutations were more frequent in younger patients with leukemia
(Supplementary Fig. S7).
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Figure 1.

Prevalence of KRAS codon 12, 13, and 61 and G12C mutations is tumor type and context dependent. A, Prevalence of KRAS mutations at codons 12, 13, and 61; the
empirical estimate of theKRASprevalence is shownas solid graypoints, while theposteriormedianprevalence is shownas clear blue circles.KRAS codon 12 sequence
alterations were dominant in PAC (65.367.269.1%), ampullary cancer (37.046.355.9%), appendiceal cancer (37.642.948.1%), small bowel cancer (25.431.437.8%), colorectal
carcinoma (28.930.031.1%), NSCLC (24.225.025.9%), CUP (14.115.717.4%), uterine cancer (11.012.313.8%), ovarian cancer (7.58.69.8%), hepatobiliary cancer (6.98.29.8%), cervical
cancer (4.97.210.1%), neuroendocrine tumors (4.36.59.3%), germ cell tumors (4.35.77.4%), and bladder cancer (3.34.25.2%), while KRAS codon 13 and 61 mutations were
found at lower frequencies in these cancers. KRAS codon 13 sequence alterationswere detected in 7.27.98.5% of colorectal carcinoma, 3.15.69.2% of small bowel cancer,

1.33.88.4% of ampullary cancer, 2.13.86.1% of appendiceal cancer, 1.32.85.3% of B-lymphoblastic leukemia/lymphoma, 1.72.32.9% of uterine cancer and 1.82.12.3% of NSCLC,
whereas KRAS codon 61 mutations were detected in 4.75.56.4% of PAC, 1.13.40.8% of ampullary cancer, 0.92.34.8% of small bowel cancer, 1.51.82.2% of colorectal
carcinoma, 1.51.82.0% of NSCLC, and 0.91.52.3% of thyroid cancer. KRASG12Cmutations were detected in 111213% of NSCLC, 1.53.56.3% of small bowel cancer, 0.83.27.1% of
ampullary cancer, 2.73.13.6% of colorectal carcinoma, 2.33.03.8% of CUP, 1.12.54.3% of appendiceal cancer, 0.71.11.6% of uterine cancer, and less than 1% of PAC,
hepatobiliary cancer, small cell lung cancer, neuroendocrine tumors, and bladder cancer.B, Posteriormedian prevalence estimates formutantKRAS alleles at codons
12, 13, and 61 varied based on the tumor type interrogated. As a representative example, NSCLC predominantly harbored KRAS G12C mutations in contrast to
gastrointestinal tumors and pancreatic cancer that predominantly harbored KRAS G12D and G12V mutations. Similarly, posterior median prevalence estimates for
mutant NRAS alleles at codons 12, 13, and 61 showed an enrichment in NRAS Q61R and Q61K mutations in melanoma and thyroid cancer. Error bars, 95% credible
intervals. CRC, colorectal cancer; BLL, B-lymphoblastic leukemia; MDS/MPN, myelodysplastic syndrome/myeloproliferative neoplasm; SCLC, small cell lung
cancer; CNS, central nervous system tumor.
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Figure 2.

Prevalence of mutant RAS alleles at codons 12, 13, or 61 stratified by age, race, and sex reveals differential host-dependent frequencies. A–F, Prevalence of
KRAS-mutant alleles varies by age group, race, and sex for patients with cancer of unknown primary (A), NSCLC (B), pancreatic adenocarcinoma (C), colorectal
cancer (D), melanoma (E), and ovarian cancer (F). G–I, Cancer-specific estimates of RAS prevalence obtained from a single hierarchical model (y-axis) were
comparedwith theoverall prevalence from51 separate cancer-specificmodels,where the effects of age (G), race (H), and sex (I)weremodeled hierarchically (x-axis).
For several cancers including NSCLC, the prevalence of RAS mutations in demographic subgroups differed significantly from the overall prevalence estimates.
Specifically, when comparedwith the overall population prevalence estimates, RASmutationswere less prevalent in patients younger than 40 years withmelanoma
(7.311.815.7% lower) and CUP (7.312.516.5% lower), and patients younger than 50 years with NSCLC (7.611.014.2% lower) and PAC (7.714.621.7% lower). RAS mutations
were more prevalent in patients younger than 40 years with ovarian cancer (8.915.823.5% higher) and B-lymphoblastic leukemia/lymphoma (0.28.216.7% higher)
compared with the overall population. A negative difference in prevalence indicates higher prevalence in the subset compared with the overall population
prevalence. BLL, B-lymphoblastic leukemia; CRC, colorectal cancer.
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Similarly, we observed a sex-based cancer type–dependent dimor-
phism of mutant RAS prevalence: colorectal carcinoma and NSCLC
tumors inwomenmore frequently harboredRASmutations compared
with men (1.43.65.7% and 1.12.64.1% higher, respectively), whereas
melanoma tumors in women had fewer RAS mutations (0.43.36.2%
lower). In colorectal carcinoma, KRAS codon 12mutations were more
frequent in women (0.42.44.4% higher) and similarly KRAS codon 12
and in particularKRASG12Cmutationsweremore frequent inwomen
with NSCLC (0.92.33.7% and 0.21.22.3% higher, respectively; Supple-
mentary Table S7; Fig. 2; Supplementary Fig. S9). We then evaluated
RAS-mutant allele selection in different racial backgrounds, defined by
self-reported race (Supplementary Table S8; Supplementary Fig. S10).
Among patients with colorectal carcinoma, an enrichment for RAS
mutations was noted in colorectal carcinoma tumors of Black indi-
viduals relative to other racial groups (6.611.115.5% higher). Black
patients with colorectal carcinoma harbored a higher number ofKRAS
codon 12 mutations (2.26.510.8% higher), specifically G12V, and KRAS
codon 13 mutations, specifically G13D (1.74.47.5% higher). In NSCLC,
RASmutations occurred less frequently inAsian patients (15.918.621.1%
lower), who harbored a lower number of KRAS codon 12 mutations
(13.816.318.6% lower), in particular KRAS G12C mutations (6.98.610.0%
lower). Smaller differences from the overall prevalence were noted for
KRAS G12A (1.21.92.3% lower), G12D (0.41.82.9% lower), G12V
(2.53.84.7% lower), and G13D (6.98.610.0% lower) in NSCLC of Asian
individuals. RAS mutations, specifically KRAS G12A, were less com-
mon among Black individuals with uterine cancer (4.79.613.4% lower).
Black individuals withHNSCC showed an enrichment forHRASG13R
mutations, whereas NRAS Q61K and Q61R were more frequent in
thyroid cancer in Black patients. In the melanoma group, a lower
prevalence for NRAS Q61 L mutations was noted for Black and Asian
individuals (Supplementary Fig. S10). Taken together, these novel
findings support the context-dependent distribution of mutant RAS
alleles that extends past tissue of origin and should be considered in
target population selection and the rational design of clinical trials.

RAS sequence and structural comutations depend on cancer
lineage

To assess the compendium of RAS comutations, we modeled
dependencies between RAS and non-RAS genes hierarchically across
cancer types with a Bayesian model (Materials and Methods). The
hierarchical model allowed for information on co-occurrence to be
shared across cancer types, permitted a formal assessment of the
heterogeneity of co-occurrence between different cancers, and shrunk
estimates for rarer cancer types toward the overall mean. These
analyses revealed co-occurrence and mutual exclusivity of RAS and
non-RASmutations in a cancer type–dependentmanner. RAS hotspot
mutations co-occurred withmutations inATM,KEAP1,MAX,NKX2-
1, RBM10, STK11, andU2AF1 in NSCLC (�log10 P > 12), CDKN2A in
PAC (�log10 P > 9), PIK3CA in colorectal carcinoma (�log10 P > 6),
ARID1A and PTEN in uterine cancer (�log10 P > 8), and TERT in
melanoma (�log10 P > 12, Fig. 3A; Supplementary Table S9). RAS
mutations weremutually exclusivewithBRAF andRNF43 in colorectal
carcinoma (�log10 P > 8), BRAF in melanoma (�log10 P > 13) and
thyroid cancer (�log10 P > 9.9), EGFR in NSCLC (�log10 P > 51) and
DAXX andMEN1 in PAC (�log10 P > 13). A cancer type–specific co-
occurrence pattern was noted for RAS and TP53 genomic alterations,
with a statistically significant enrichment in TP53 mutations in RAS-
mutant PAC (�log10P¼ 51.6) but a significant underrepresentation of
TP53 mutations in RAS-mutant ovarian cancer (�log10 P ¼ 12.3),
NSCLC (�log10 P ¼ 28.3), uterine cancer (�log10 P ¼ 9.3), and
colorectal carcinoma (�log10 P ¼ 13.5, Fig. 3B; Supplementary

Table S9). RAS/RAS comutations were infrequent (less than 3%)
in pancreatic cancer, thyroid cancer, hepatobiliary cancer, NSCLC,
colorectal carcinoma, melanoma, and CUP. Notably, we found co-
occurring RAS-RAS mutations in 4.4% of ovarian cancers, 4.9% of
uterine cancers, and 11.7% of bladder cancers. While infrequent in
most cancers,HRAS/NRAS comutations were found in bladder cancer
(5.9%), while KRAS/NRAS and KRAS/KRAS comutations were found
in low frequencies in ovarian cancer (1.8%). Similarly, KRAS/KRAS
and NRAS/NRAS comutations were found in 1.5% of uterine cancers
(Supplementary Table S10).

We subsequently evaluated co-occurrence of RAS codon 12, 13,
and 61 mutations with inactivating mutations in non-RAS genes
(Materials and Methods). Inactivating mutations in STK11, ATM,
RBM10, and KEAP1 co-occurred with RAS mutations in NSCLC (P <
0.0001), whereas sequence alterations in RB1 and KMT2D were
mutually exclusive (�log10 P > 4.9; Fig. 3C and D; Supplementary
Table S11). In PAC, RAS mutations co-occurred with inactivating
mutations in CDKN2A and SMAD4 (P < 0.002), but were mutually
exclusive with inactivating alterations in MEN1 (P < 0.0001; Fig. 3C;
Supplementary Table S11). RAS comutation patterns were driven
by inactivating mutations inAPC andAMER1 in colorectal carcinoma
(P < 0.008), and ARID1A in uterine cancer (P¼ 0.0003), while mutual
exclusivity was noted for inactivatingmutations inRNF43 in colorectal
carcinoma (P ¼ 0.0003; Fig. 3C and D; Supplementary Table S11).
While the majority of comutation patterns were driven by KRAS,
NRAS codon 61 mutations co-occurred with TERT sequence altera-
tions (�log10 P ¼ 12.3) and were mutually exclusive with BRAF
(�log10 P ¼ 10.5) and NF1 (�log10 P ¼ 5.8) sequence alterations in
melanoma. NRAS codon 61 mutations, specifically Q61R, were mutu-
ally exclusive with BRAF—predominantly class I—sequence altera-
tions in thyroid cancer (�log10 P ¼ 5.73).

We expanded the comutation analysis framework to include copy-
number aberrations and similar to the sequence comutation analyses,
we identified cancer lineage–specific RAS dependencies (Materials and
Methods;Fig. 3E andF). RASmutations, predominantly codon 12 and
G12C, were mutually exclusive with CDKN2A and CDKN2B homo-
zygous deletions in NSCLC (�log10 P ¼ 6.3) but NRAS codon 61 and
CDKN2A homozygous deletions co-occurred in melanoma (�log10
P ¼ 2.9; Supplementary Table S12). KRAS hotspot mutations co-
occurredwith SMAD4 homozygous deletions in PAC (�log10P¼ 2.4),
but were found to be mutually exclusive of RB1 homozygous deletions
in uterine cancer (P ¼ 0.01). In NSCLC, KRAS hotspot mutations co-
occurred less frequently with EGFR, ERBB2, FGFR1, andMDM2 high
copy-number amplifications (�log10 P > 4.4). In colorectal carcinoma,
KRAS codon 12 mutations were mutually exclusive with ASXL1
(�log10 P ¼ 7), BCL2L1 (�log10 P ¼ 7.7), DNMT3B (�log10 P ¼
4.7), EGFR (�log10 P ¼ 4.1), FGFR1 (�log10 P ¼ 4.8), and PTPRT
(�log10 P¼ 4.6) high copy amplifications (Supplementary Table S12).
Interestingly, when all amplifications were considered, co-occurring
KRAS codon 12, particularly G12C, mutations and KRAS gene
amplifications were noted in NSCLC (�log10 P ¼ 8.4) and CUP
(�log10 P ¼ 7.3) and similarly, co-occurring NRAS codon 61
mutations and NRAS gene amplifications were detected in mela-
noma (�log10 P ¼ 5.3). Comutation analyses of RAS genes with
fusions in non-RAS genes were limited by the relatively small
number of tumors harboring rearrangements.

Most RAS comutation patterns were driven by KRAS (Supple-
mentary Figs. S11 and S12; Supplementary Tables S9–S11). Interest-
ingly, NF1 mutations were less frequent in KRAS codon 12–mutant
NSCLC compared with KRAS codon 13–mutant NSCLC, suggesting
codon-specific RAS oncogenicity (40), which may result in positive
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selection of NF1 mutations in non-codon 12 KRAS-mutant
NSCLC (9, 41). We then sought to determine whether KRAS comuta-
tions were present on the same cancer clone and utilized mutant allele
fractions to infer clonality estimates forKRAS and non-KRAS variants,

assuming similar ploidy at these loci and in the context of a given
tumor purity (Materials andMethods). We interrogated KRAS-STK11
as a representative clonal pair and KRAS-PIK3CA as a putative clonal-
subclonal pair; mutant allele frequencies of KRAS and STK11 variants
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Figure 3.

Co-occurrence of RAS hotspotmutationswith sequence and structural non-RASmutations is cancer lineage specific.A,Volcano plots of the posteriormedian logOR
(x-axis) versus negative log10P value (y-axis) for the association betweenRASmutations andnon-RAS variants. Mutations in non-RASgeneswith logORgreater than
0 co-occur with RAS mutations as opposed to non-RAS mutations with an interaction coefficient less than 0, which are comutated with RAS at a rate lower than
expected or are mutually exclusive. The further to the right on the x axis the closest to true co-occurrence and the further to the left of the axis the closest to true
mutual exclusivity, with the statistical significance of the difference from 0 (which indicates independence) plotted on the y-axis. B, For statistically significant
associations, 95% posterior credible intervals of the log OR are indicated by error bars. For genes associated with RAS mutations in multiple cancers, multiple
vertically offset error bars are displayed.C andD,Volcano plots and posterior credible intervals for the association betweenRASmutations and inactivating non-RAS
mutations. E, Volcano plots of the posterior median log OR (x-axis) versus negative log10 P (y-axis) for the association between RASmutations with deep deletions,
high copy amplifications, and gene fusions. F,95%posterior credible intervals of the logOR for RAS/non-RAS fusions. Despite the small number of fusions included in
the analyses that precluded firm statistical conclusions, fusions involving ALK (EML4-ALK) and RET (RET-KIF5B) genes showed a pattern of mutual exclusivity with
RAS mutations. CRC, colorectal cancer.
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were highly correlated (Pearson R ¼ 0.73), suggesting that these
variants may indeed be contained in the same cancer cell clonal
populations and supporting the notion that these mutations are
acquired early during carcinogenesis. In contrast, KRAS/PIK3CA
alterations distributed a looser correlation (Pearson R ¼ 0.5) that
could be explained by branching PIK3CA mutations at later stages of
tumor evolution of KRAS-mutant cancers (Supplementary Fig. S13).
Nevertheless, these differencesmay be explained by non-euploid allelic
copy number of the loci considered and clonality inferences can be
inaccurate in the absence of allele-specific copy numbers.

Pan-cancer comutation analyses at the mutant RAS allele level
reveal distinct genomic landscapes

To capture the genomic landscapes of RAS-mutant tumors, we
evaluated all KRAS-, NRAS-, and HRAS-mutant alleles at codons 12,
13, and 61 and considered co-occurrence with non-RAS mutations
(any mutation, hotspot mutation, or inactivating mutation) and copy
number (deep deletion or high-level amplification) grouped by gene,
gene family, or pathway. In NSCLC, KRAS G12C mutations were
found to co-occur with ATM, RBM10, KEAP1, NTRK3, EPHA5,
AMER1, and STK11 sequence alterations (�log10 P > 4.3; Fig. 4) and
inactivating mutations inMGA (�log10 P ¼ 3.51), while KRAS G12C
mutations were mutually exclusive with EGFRmutations (�log10 P¼
19.4; Supplementary Tables S13 and S14). RBM10-inactivating muta-
tions were also comutated with KRAS G12A and G12D (�log10 P >
3.03). KRAS G12D was more frequently comutated with NKX2-1 and
MAX (�log10 P > 3.36) and KRAS G12V was more frequently co-
mutated with NKX2–1 (�log10 P > 3.99). Interestingly, a weaker
comutation pattern emerged for KRAS G12V and STK11 (�log10
P ¼ 2.89), while KRAS G12D was not significantly comutated with
STK11 in NSCLC. All mutant KRAS alleles were less frequently
detected in TP53 and EGFR-mutant NSCLC tumors (�log10 P >
3.61; Supplementary Table S13). Histology driven comutation analyses
showed that these findings were driven by nonsquamous histology,
with the exception of KRAS/TP53 comutations; KRAS G12D muta-
tions were less frequently comutated with TP53 in non-squamous
NSCLC (�log10 P ¼ 2.25; Supplementary Table S15).

Mutant allele-specific comutations emerged in colorectal carcino-
ma, where KRAS G13D was preferentially comutated with PIK3CA,
FBXW7,CASP8, SF3B1, andBRCA1 (�log10P> 3.93) and co-occurred
with inactivatingAPCmutations (�log10 P¼ 2.5; Fig. 4).KRASG12D
and G12Vwere mutually exclusive with BRAF—predominantly class I
—mutations (�log10 P > 3.67) and were less frequent in TP53-mutant
tumors (�log10 P > 4.53), while KRAS G12V was also less frequently
mutated in RNF43 and KMT2D-mutant colorectal carcinoma
(�log10 P > 3.74). Interestingly, when the primary versus metastatic
origin of the tumor sample was considered, PTEN and SF3B1 muta-
tions more frequently co-occurred in metastatic colorectal carcinoma
lesions (�log10 P > 2.18, Fig. 4; Supplementary Table S16), potentially
pointing towards the subclonal origin of these alterations, that may be
unique to the metastatic clone.

KRASG12Dwas strongly comutated with TP53 in PAC (�log10 P
¼ 15.18) predominantly in metastatic tumors, while KRAS G12V
and G12R also co-occurred with TP53 mutations though to a lesser
degree (�log10 P¼ 8.43 and P¼ 3.18 respectively; Fig. 4). CDKN2A
mutations were predominantly found in KRAS G12D-mutant
tumors (�log10 P ¼ 3.97), whereas SMAD4 was comutated with
KRAS G12R in PAC (�log10 P ¼ 4.32). DAXX and MEN1 were
mutually exclusive with KRAS G12D and G12V (�log10 P > 2.62).
PTEN mutations co-occurred with KRAS G12D in uterine cancer
(�log10 P ¼ 3.33), while TP53 mutations less frequently co-

occurred with KRAS G12D and G12V mutations (�log10 P >
3.01). In contrast to the genetic diversity of KRAS-mutant NSCLC,
colorectal carcinoma, and PAC, in melanoma NRAS Q61K and
Q61R were uniformly comutated with TERT and mutually exclusive
with NF1 and BRAF—predominantly class I—mutations (�log10
P > 2.71; Fig. 4). Comutation analyses between RAS and hotspot
mutations in non-RAS genes were consistent with the comutations
described above (Supplementary Table S17).

Given the differences in prevalence of RAS-mutant alleles based on
age, sex, and race, we postulated that comutation patterns may be
differentially distributed in patient subpopulations and performed
stratified analyses to further explore this hypothesis (Fig. 4; Supple-
mentary Fig. S14). Women with KRAS G12D colorectal carcinoma
tumors were less likely to harbor RNF43 mutations than men, while
men with KRAS G13D-mutant colorectal carcinoma tumors were
more likely to harbor CASP8 mutations than women. KRAS G12V-
mutant colorectal carcinoma in Asian individuals less frequently co-
occurred with TP53mutations. In melanoma, NRASQ61K mutations
more frequently co-occurred with TERT mutations and NRAS Q61R
were more frequently comutated with DICER1 in women. In NSCLC,
KRASG12C was more frequently comutated with FAT1 and PDGFRA
in women, while KRAS G12C-mutant NSCLC infrequently carried
TP53mutations in men (Supplementary Table S16). In uterine cancer,
KRAS G12D more frequently co-occurred with PTEN alterations in
Black individuals (Fig. 4). Taken together, these findings support a
lineage- and context-specific distribution of RAS comutations in
human cancers.

We next considered convergence of comutations in cancer hall-
marks and signaling pathways, including RAS/Raf/MAPK, PI3K/AKT,
chromatin regulation, cell-cycle progression, NRF2 pathway/oxidative
stress response, Wnt and DNA damage repair gene sets (Supplemen-
tary Tables S18 and S19; Fig. 5A). These analyses revealed mutual
exclusivity of non-RASmutations in theRAS/Raf/MAPKpathwaywith
KRASG12A (�log10 P¼ 5.59), G12C (�log10 P¼ 4.5), G12D (�log10
P¼ 8.52) and less with G12V (�log10 P¼ 2.83) in NSCLC, withNRAS
Q61K (�log10 P¼ 3.59) and Q61R (�log10 P¼ 6.6) in melanoma and
NRAS Q61R in thyroid cancer (�log10 P ¼ 5.57); however, these
patterns were not found in colorectal carcinoma or PAC. Interestingly,
mutations in DNA damage repair genes (�log10 P ¼ 8.21) and genes
involved in chromatin regulation (�log10 P ¼ 4.12) were enriched in
KRAS G12C-mutant NSCLC, alongside the NRF2/oxidative stress
response pathway (�log10 P ¼ 3.25). A different comutation pattern
was noted for colorectal carcinoma, where KRAS G12D and G13D we
found to be comutated with genes in the PI3K/AKT pathway (�log10
P > 2.43). An enrichment in mutations in the NRF2/oxidative
stress response pathway was also identified for KRAS G13D-mutant
colorectal carcinoma (�log10 P ¼ 2.33). In contrast, mutations
in the PI3K/AKT pathway were less frequent in KRAS G12D and
G12V PAC (�log10 P > 2.97). Unique to PAC, KRASG12Dmutations
co-occurred with mutations in genes affecting cell-cycle progression
(�log10 P ¼ 3.17). These findings were confirmed when only hotspot
alterations in non-RAS genes were considered (Supplementary
Table S20).

We next investigated co-occurrence of triple mutations involving
KRAS G12C and non-RAS genes in NSCLC, colorectal carcinoma,
CUP, PAC, and uterine cancers. Triple comutations followed cancer
cell lineage–specific distributions, such that KRAS/KEAP1/STK11
emerged in NSCLC, KRAS/CDKN2A/TP53, KRAS/SMAD4/TP53,
KRAS/CDKN2A/SMAD4 in PAC and KRAS/ARID1A/PIK3CA and
KRAS/PIK3CA/PTEN in uterine cancer (Fig. 5B). Notably, a number
of triple mutations were detected in CUP, including KRAS/KEAP1/
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Figure 4.

Differential comutation patterns in KRAS- and NRAS-mutant tumors point to RAS/non-RAS gene dependencies based on host features and cancer lineage.
Differential RAS-mutant allele comutation patterns per tumor type andby age, race, and sex forKRAS/ATM in NSCLC (A),KRAS/RBM10 inNSCLC (B),KRAS/NTRK3 in
NSCLC (C), KRAS/STK11 in NSCLC (D), KRAS/KEAP1 in NSCLC (E), KRAS/EGFR in NSCLC (F), KRAS/PIK3CA in colorectal carcinoma (G), KRAS/FBXW7 in colorectal
carcinoma (H), KRAS/RNF43 in colorectal carcinoma (I), KRAS/SF3B1 in colorectal carcinoma (J), KRAS/BRAF in colorectal carcinoma (K), KRAS/TP53 in colorectal
carcinoma (L), KRAS/TP53 in PAC (M), KRAS/SMAD4 in PAC (N), KRAS/CDKN2A in PAC (O), KRAS/DAX in PAC (P), KRAS/MEN1 in PAC (Q), KRAS/CASP8 in
colorectal carcinoma (R), NRAS/BRAF in melanoma (S), NRAS/TERT in melanoma (T), KRAS/NF1 in melanoma (U), KRAS/PTEN in uterine cancer (V), KRAS/TP53 in
uterine cancer (W), and NRAS/BRAF in thyroid cancer (X). Log OR is plotted for each stratified RAS/non-RAS comutation. Red, co-occurrence; blue, mutual
exclusivity or occurrence less frequently than expected under independence. CRC, colorectal cancer.
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STK11, KRAS/KEAP1/SMARC4, KRAS/KEAP1/TP53, KRAS/STK11/
SMARC4, KRAS/KEAP1/PTPRD, KRAS/PTPRD/TP53, and KRAS/
STK11/TP53. The predominant triple mutation in colorectal carcino-
ma was KRAS/APC/TP53, followed by KRAS/APC/SMAD4, KRAS/
APC/PIK3CA, KRAS/FBXW7/APC, KRAS/APC/SOX9, and KRAS/
PIK3CA/TP53 (Fig. 5B). Given the differential impact of ATM inac-
tivation on KRAS-dependent carcinogenesis in the context of TP53
proficiency (42), we also investigated whether ATM, KRAS (all
codons), and TP53 mutations co-occurred. The proportion of triple
mutant KRAS-positive tumors with inactivating mutations in ATM
and TP53 ranged from 0.7310% in NSCLC to 71733% in colorectal
carcinoma and 0.6726% in PAC, suggesting that ATM loss and TP53

deficiency in KRAS-driven tumors are positively selected in a cancer
type dependent manner.

TMB and mutation spectra may confound RAS comutation
patterns

Apparent comutation patterns can be confounded by passenger
mutations that accumulate during tumor evolutionwithout conferring
afitness advantage to the cancer cells, especially in the setting of tumors
with high TMB. These passenger mutations may cluster in hotspot
positions due to underlying mutational processes rather than indicat-
ing a positive selection evolutionary process (43). Furthermore, muta-
tional signatures attributed to exposure to specific carcinogens or
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endogenous mutational processes can be differentially susceptible to
mutation (17); co-occurrence of genomic alterations may thus reflect
mutational spectra as opposed to positive selection. To derive a TMB-
adjusted measure of the dependency between RAS and non-RAS
mutations, we stratified samples by quintiles of the predicted
genome-wide TMB (Materials and Methods; Supplementary
Table S21). Modeling co-occurrence across TMB strata hierarchically,
we derived posteriors for the co-occurrence within each TMB quintile
as well as the marginal associations. Overall, the multicancer model
and TMB-stratifiedmodel were highly concordant (Fig. 5C); however,
the strength of specific RAS dependencies was attenuated in the
context of different TMB backgrounds. The most susceptible co-
occurrence patterns included KRAS mutations and STK11, KEAP1,
or TP53mutations in NSCLC and TP53 and inactivating mutations in
APC in colorectal carcinoma (Fig. 5D). While higher TMB drove the
stronger comutation associations noted between KRAS G12D and
G12V and TP53 mutations and KRAS G13D and APC mutations in
colorectal carcinoma, lower TMB levels were more strongly associated
withKRASG12C/STK11 andKRASG12C/KEAP1mutations, pointing
toward a positive selection of these comutations in tumors with lower
TMB (Supplementary Table S22). A similar positive selection pattern
in TMB-low NSCLC was identified when KRAS G12C/STK11/KEAP1
mutations were considered in combination. Notably, KRAS G12C,
G12D, and G12V TMB-high NSCLC tumors were less likely to also
harbor TP53 alterations (Supplementary Table S22).

Similarly, to account for unique mutational processes that may
introduce bias toward specific mutations (44), we extracted the
mutational signature with the highest contribution per tumor, and
modeled the co-occurrence acrossmutational signatures hierarchically
for each cancer type (Materials and Methods). We detected associa-
tions between mutational processes related to APOBEC mutagenesis
and smoking and specific RAS/non-RAS driver gene comutations. In
particular, RAS codon 12, 13, and 61 mutations co-occurred less
frequently with AMER1, KEAP1, STK11, and TP53 in NSCLC tumors
harboring a C>A rich smoking related signature (Supplementary
Fig. S15). Consistent with the TMB-stratified analyses in NSCLC,
KRAS G12C, and KEAP1 or STK11 comutations were less frequent in
tumors harboring a smoking-associated mutational signature. KRAS
G12C and STK11 comutations were also less frequent in tumors
harboring an APOBEC mutational signature, while KRAS G12C-
mutant NSCLCwith an APOBECmutation signature more frequently
harbored mutations in NTRK3. KRAS G12C and G12V and TP53
mutations co-occurred less frequently in NSCLC tumors harboring a
mutational smoking signature (Supplementary Table S22). In colo-
rectal carcinoma, KRAS codon 12, 13, and 61 and PIK3CAmutations
co-occurred more frequently in tumors that harbored an APOBEC
mutational signature (Supplementary Fig. S15). Mutual exclusivity
between KRAS G12D and RNF43 was more pronounced in colorectal
carcinoma tumors harboring a mismatch repair deficiency mutational
signature (Supplementary Table S22).

RAS comutations are linked with distinct transcriptomic tracks
Next, we hypothesized that the genomic heterogeneity of RAS-

mutant tumors at a mutant allele resolution would be reflected in
differential cancer cell signaling and that positive selection of RAS
comutations may be driven by immune surveillance states that can be
captured in the tumor microenvironment (TME). To explore whether
distinct comutation patterns are linked with differential cancer hall-
marks, we leveraged transcriptomic sequence data from 9,258 tumors
from TCGA and performed gene set enrichment analyses stratified by
RAS comutations (Materials and Methods). These analyses revealed

discrete transcriptional programs enriched in RAS-mutant tumors in a
cancer lineage–dependent manner. In LUAD, co-occurrence of KRAS
codon 12 and NTRK3 mutations was associated with upregulation of
E2F-dependent proliferation pathways, DNAmaintenance and repair
and G2–M cell-cycle checkpoint gene sets (Supplementary Fig. S16;
Supplementary Table S23). Transcriptomic tracks of KRAS G12C/
KEAP1 and KRAS G12C/RBM10-mutant LUADs were enriched for
pathways linked with oxidative phosphorylation, reactive oxygen
species, and xenobiotic metabolism, with concurrent downregulation
of inflammatory responses for KRAS G12C/KEAP1-mutant tumors
(Fig. 6; Supplementary Fig. S16; Supplementary Table S23). Oxidative
phosphorylation, Krebs cycle and active oxygen species gene sets were
similarly upregulated in KRAS G12C/KEAP1/STK11 triple mutant
LUAD, with a downregulation of conserved inflammatory responses,
IFNg and IFNa gene sets (Supplementary Table S23). In contrast,
KRAS G12C/PTPRD-mutant LUADs were enriched for expression of
epithelial-to-mesenchymal transition gene sets, while a more inflamed
TME was denoted with an upregulation of IFNg inflammatory
response, TNFa signaling, MHC antigen presentation, and T-cell
receptor signaling gene sets (Supplementary Fig. S16). Notably, in
investigating KRAS/TP53 comutant LUAD, we identified a dominant
upregulation of key immune pathways linked with proinflammatory
responses for both KRAS G12C and G12V alongside cell-cycle pro-
gression gene sets (Fig. 6; Supplementary Fig. S16; Supplementary
Table S23). While similar differential gene expression profiles were
observed inNTRK3-only andKEAP1-only LUADs, theKRAS/RBM10,
PTPRP, and TP53 comutant tumors had distinct expression patterns
compared with non–RAS-mutant tumors, suggesting that in the latter
the differentially regulated hallmarks were uniquely related to the
comutation rather than the non-RAS mutation alone (Supplementary
Table S24; Supplementary Fig. S17).

Similar patterns of differential gene expression programs
determined by the KRAS-mutant allele, emerged in COAD, where
KRAS G12D and APC comutations were associated with an upregula-
tion of cell-cycle progression, MYC-dependent proliferation
and chromosome maintenance and DNA replication and repair
gene sets, processes that were not apparent for KRAS G12V/APC
or KRAS G13D/APC-mutant COAD (Supplementary Fig. S18;
Supplementary Table S25). KRAS G13D/APC-mutant COAD
tumors were less inflamed, with a downregulation of inflammatory
response and B-cell receptor signaling gene sets. We found an enrich-
ment for E2F- and MYC-dependent proliferation and oxidative phos-
phorylation pathways in KRAS G12V/PIK3CA and G13D/PIK3CA-
mutant COAD tumors (Supplementary Fig. S18; Supplementary
Table S25). An epithelial-to-mesenchymal phenotype characterized
KRAS G12V/MAPK pathway comutant COAD, notably together
with a downregulation of cell-cycle progression, E2F-dependent pro-
liferation, and oxidative phosphorylation expression programs and a
modest upregulation of inflammatory response gene expression pro-
grams (Supplementary Fig. S18; Supplementary Table S25). These
expression patterns were distinct from those of non-RAS gene-only
mutant compared to wild type tumors (Supplementary Fig. S19;
Supplementary Table S26).

In KRAS/TP53 comutant COAD and PAC tumors, we identified
distinct transcriptional programs depending on the mutant allele,
pointing to differential activation of cell-cycle progression,
proliferation and DNA repair programs (Supplementary Fig. S20;
Supplementary Tables S25 and S27). While an upregulation of antigen
presentation, TNFA signaling, neutrophil degranulation and T-cell
receptor signaling gene sets characterized KRAS G12V, G12D, and
G12R/TP53 comutant PAC, KRAS G13D/TP53 comutant COAD
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tumors showed a downregulation of inflammatory responses (Sup-
plementary Fig. S20; Supplementary Tables S25 and S27). In assessing
TME phenotypes in KRAS-mutant PAC tumors with co-occurring
mutations in chromatin regulating genes, we noted an upregulation of
key proinflammatory pathways, especially in KRAS G12D-mutant
PAC (Supplementary Fig. S21; Supplementary Table S27). In contrast,
a downregulation of IFNg and inflammatory response gene sets was
noted in KRAS G12D and G12R/MAPK pathway comutant PAC.
KRAS G12D/SMAD4 comutant PAC tumors were characterized by a
downregulation of cell-cycle progression, E2F- and MYC-dependent
proliferation and DNA replication and repair gene expression pro-
grams (Supplementary Fig. S21). These gene expression profiles were
distinct from the transcriptomic tracks of non-RAS gene-only mutant
compared with wild-type tumors (Supplementary Fig. S22; Supple-
mentary Table S28). Taken together, our findings support differential
cancer cell fates in the context of their TME and suggest biologically
distinct phenotypes of KRAS-mutant tumors that may reflect clinical
outcomes and therapeutic vulnerabilities.

KRAS comutations are linkedwith differential clinical outcomes
We next evaluated the association between the distinct genomic

tracks of RAS-mutant tumors and clinical outcomes. We first assessed
10,217 tumors from TCGA and evaluated differences in overall

survival of individuals with tumors harboring RAS comutations.
Patients with LUAD harboring KRAS G12C and KEAP1, NTRK3,
PIK3CA, or TP53 comutations had a significantly shorter overall
survival compared with the group without KRAS comutations (log-
rank P ¼ 0.02, P ¼ 0.003, P ¼ 0.015, and P ¼ 0.0003, respectively;
Supplementary Fig. S23). KRAS G12V mutations also conferred a
worse prognosis in the presence of RBM10 and STK11mutations (log-
rank P¼ 0.018 and P¼ 0.03, respectively; Supplementary Fig. S23). In
COAD, KRAS G12A/APC and KRAS G12V/AMER1 comutations
were associated with shorter overall survival (long-rank P ¼ 0.012
and P ¼ 0.048, respectively; Supplementary Fig. S24) and notably
among patientswithKRASG12C-mutantCOAD, those also harboring
APC and TP53mutations attained longer overall survival (log-rank P
¼ 0.0087; Supplementary Fig. S24). For patients with pancreatic
adenocarcinoma, KRASG12D and TP53 comutations defined a group
of individuals with shorter overall survival (log-rank P ¼ 0.001;
Supplementary Fig. S24).

Given the significant differences in gene expression programs
pointing to differential activation of cancer hallmarks but also differ-
ences in tumor immune surveillance, we next evaluated the impact of
KRAS G12C mutations on clinical outcomes with immunotherapy-
containing regimens for a cohort of 209 patients with advanced/
metastatic KRAS G12C-mutant NSCLC from the AACR project
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Figure 6.

Differential expression profiles driven byKRASG12C comutation status in LUADs. Comutation-driven GSEA leveraging transcriptomic profiles fromRNA sequencing
revealedmarked differences in gene expressionprograms depending onKRASG12C comutations.A,Normalized enrichment scores fromGSEA inKRASG12C-mutant
LUADs harboring different comutations were used as an input for UMAP dimensionality reduction, which revealed convergence of gene sets in distinct clusters
related to immune/inflammatory response, metabolism, sustained/mitogenic signaling, oxidative phosphorylation, apoptosis, DNA maintenance, replication and
repair, and cell-cycle progression. B and C, KRAS G12C/KEAP1 comutant LUADs showed a downregulation of gene sets related to inflammatory responses, while
showing an enrichment in metabolism, oxidative phosphorylation reactive oxygen species pathway gene sets. The continuous significance score (Signif) indicates
the�log10(Padj) � sign(fold-change) from the GSEA. Red, upregulation; blue, downregulation. D and E, A prominent upregulation of inflammatory response related
gene expression programs was noted in the TME of KRAS G12C/TP53 comutant LUADs, together with gene sets related to cell-cycle progression and E2F-driven
proliferation. Quantile-quantile plots were generated to visually compare the ranks of genes in the pathway to ranks that were sampled from a discrete uniform
distribution. Adjusted P values for gene set differential expression are provided for comparison of KRASG12C/non–RAS-mutant LUAD to KRASG12C-mutant LUAD.
HM, Hallmark; KG, Kyoto Encyclopedia of Genes and Genomes, KEGG.
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GENIE registry. Leveraging the comutation pairs identified by the pan-
cancer model, we performed survival analyses tailored to KRAS G12C
lineage tracks and found that KRAS G12C/STK11 comutations con-
ferred shorted overall survival with immunotherapy-containing regi-
mens (log-rank P ¼ 0.003 and P ¼ 0.037, respectively; Fig. 7; Sup-
plementary Fig. S25). In contrast, patients with NSCLC harboring
KRAS G12C and TP53 hotspot alterations attained longer overall
survival with immunotherapy-containing regimens (log-rank P ¼
0.05; Fig. 7). A trend towards longer overall survival was noted for
patients with NSCLC harboring KRAS G12C and mutations in chro-
matin regulating genes and specifically ARID1A (log-rank P ¼ 0.14
and P¼ 0.12, respectively; Supplementary Fig. S25). In contrast,KRAS
G12C/AMER1-mutant and KRAS G12C/KEAP1 comutant NSCLC
were found to be resistant to immunotherapy-containing regimens
(log-rank P ¼ 0.029 and P ¼ 0.13; Fig. 7; Supplementary Fig. S25).
Similarly, KRAS G12C and PIK3CA comutations conferred a worse
prognosis for patients with NSCLC treated with immunotherapy (log-
rank P ¼ 0.028; Fig. 7). Collectively, our findings provide insights in

the hallmarks of RAS-mutant cancers and integrate RAS genomic
diversity with clinical outcomes and therapeutic vulnerabilities at a
RAS-mutant allele resolution.

Discussion
RAS genes act as prototypic oncogenes in human cancer that drive

tumor initiation, proliferation, and progression by oncogenic signaling
though the MAPK pathway, suppression of apoptosis as well as by
rewiring the metabolic landscape and TME (5, 45). The recent success
of the KRAS G12C inhibitors sotorasib and adagrasib in targeting
KRAS-mutant NSCLC represents a breakthrough in precision oncol-
ogy (19, 46, 47); however, the emergence of acquired resistance
highlights the importance of understanding the genomic landscape
of KRAS-driven tumors that may point to combination treatment
strategies (48–51). Leveraging NGS data and >600,000 genomic
alterations from >66,000 cancer patients and 51 tumor types in the
AACR Project GENIE Registry, we have comprehensively studied
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Survival analyses for differentially comutated KRAS G12C-mutant NSCLC in a cohort of patients treated with chemotherapy and immunotherapy-containing
regimens.A, Patientswith NSCLC harboringKRASG12C and STK11 comutations had a shorter overall survival with immunotherapy (n¼ 24 vs. n¼ 82,median survival
5.65 vs. 23.52 months, log-rank P¼ 0.003, HR: 2.31; 95% confidence interval, CI: 1.31–4.07). B, Conversely, co-occurrence of KRASG12C and TP53 hotspot alterations
was associatedwith longer overall survivalwith immunotherapy immunotherapy-containing regimens (n¼ 56 vs.n¼ 76,median survival 23.52 vs. 10.09months, log-
rank P ¼ 0.05, HR: 0.63, 95% CI: 0.39–1.01). C, KRAS G12C/AMER1 comutations conferred a worse prognosis for patients with metastatic NSCLC treated with
immunotherapy-containing regimens (n¼ 4 vs. n¼ 128, median survival of 4.55 vs. 12.85 months, log-rank P¼ 0.029, HR: 2.93, 95% CI: 1.06–8.07). D, Patients with
KRASG12C/PIK3CA-mutant NSCLC (n¼ 5) had a significantly shorter overall survival comparedwith patientswithKRASG12C-mutant tumorswho received first-line
immunotherapy (n ¼ 25, 4.4 months vs. not reached, log-rank P ¼ 0.028, HR: 3.48, 95% CI: 1.07–11.34). IO, immunotherapy.
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the prevalence and genomic diversity of RAS in human cancers with
a mutant allele resolution and considered host contexts determined
by age, self-reported race and sex as well as tumor backgrounds
determined by cell lineage, TMB, and mutational signatures. In
investigating transcriptomic differences in 9,258 tumors from

TCGA with differential RAS comutations, we discovered distinct
RAS-mutant allele-driven gene expression programs pointing
to differential recruitment of cancer hallmarks in RAS-mutant
tumors. Ultimately, we linked the distinct molecular tracks of
RAS-mutant tumors with differential clinical outcomes. Our study
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RAS comutations involve cancer hallmarks in a cancer lineage–dependent manner. RAS comutation patterns point to dependencies of mutant RAS on oncogenic
signaling under cancer hallmark pathways. Master regulators of different cancer hallmarks are comutated or are mutually exclusive with RAS-activating mutation
depending on the tumor tissue origin. A representative example is that of the cell-cycle regulators CDKN2A and CDKN2B that are comutated with RAS in pancreatic
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is the first one—to the best of our knowledge—to comprehensively
assess the genomic landscape of RAS-mutant tumors in a pan-
cancer manner and with a mutant allele-specific resolution, con-
sidering gene–gene interactions individually as well within gene
families and pathways and accounting for host and tumor global
genomic features that cooperate toward positive selection of geno-
typically distinct cancer cell clones, in the context of differential
TME phenotypes. Our findings, may thus serve as a blueprint for
mapping therapeutic vulnerabilities of RAS-mutant tumors (Fig. 8).

Historically, RAS codon 12, 13, and 61 alterations have been
considered equivalent in terms of their oncogenic potential and
engagement of effectors and downstream signaling. Nevertheless, the
mutated RAS isoform along with the position and type of substitution
show a tumor type–dependent distribution (9) that together with the
differential outcomes of patients with RAS-mutant tumors point
toward a mutant allele selection (reviewed in ref. 1). While RAS
proteins can exhibit functional redundancy, codon usage and protein
expression depend on the RAS isoform (52); therefore oncogenic RAS
signaling depends on the RAS isoformmutated, the codon altered and
co-occurring mutations that are selected for in a cancer lineage–
dependentmanner. The codon-specific selection process duringmuta-
genesis can be modeled in MNU/urethane induced tumors in mice,
where not all oncogenic RAS mutations were recovered, despite being
tumorigenic in other settings (53). Global activation of KRAS leads to a
defined set of cancers, suggesting that activating mutations in KRAS
are not universally tumorigenic in the absence of co-occurring per-
turbations (54). Furthermore, RAS isoforms are concentrated in
different cell compartments, which allows for each RAS isoform to
come into close contact with different regulators and effectors (55).
While hotspot mutations in RAS codons 12, 13, and 61 all affect GTP
hydrolysis, resulting in activation of downstream RAF/MEK/ERK
signaling, the mechanism through which this is achieved varies by
mutation (56). For instance, G13D but not G12Vmutations accelerate
intrinsic and GEF-mediated exchange; while G12V shows a reduced
affinity for RAF yet more potently induces GTPase activity compared
with G12D (9). KRAS G12V more efficiently recruits CRAF to the
plasma membrane and promotes stem cell proliferation and isoform-
specific oncogenicity may impact the subcellular localization and
effector binding of RAS isoforms, further enhancing oncogenic
signaling (9). Consistent with this notion, we found that while
KRAS codon 12 mutations were the leading RAS alterations for
PAC, ampullary, appendiceal cancer, colorectal carcinoma, NSCLC,
small bowel cancer, CUP, and uterine cancer, while NRAS codon 61
mutations were dominant in melanoma, thyroid cancer, and hema-
tologic malignancies. These findings are in concordance to previ-
ously reported RAS isoform frequencies at the codon level (1) and
suggest tumor type–dependent selection of RAS oncogenic activa-
tion and signaling. To add to the body of knowledge of RAS isoform
prevalence, we generated a RAS-mutant allele-specific atlas per
cancer lineage, pointing again toward mutant allele-specific positive
section in human cancers.

The prevalence of RAS mutations differs by sex and ethnic
group (57–59), with an enrichment inKRASG12Cmutations reported
in White females with NSCLC and colorectal carcinoma (59). In line
with these findings, we detected a higher frequency of KRAS codon 12
in females with colorectal carcinoma and KRAS G12C mutations in
females withNSCLC.We found a higher prevalence ofKRAS codon 12
mutations in black patients with colorectal carcinoma, while Asian
patients overall harbored a lower frequency of RASmutations. Impor-
tantly, we found that codon 12 RAS mutations were less prevalent in
younger patients with melanoma, CUP, NSCLC, and PAC but more

prevalent in younger patients with ovarian cancer and B-cell leukemia/
lymphoma. These findings point toward differential selection pro-
cesses and genomic backgrounds based on age, sex, and ethnicity for
patients with cancer, supporting distinct positive selection trajectories
that may be related to genetic ancestries and differences in immune
surveillance during tumor evolution.

Consistent with previous studies, the vast majority of KRAS G12C
mutations were detected in NSCLC, with lower frequencies in colo-
rectal carcinoma, ampullary, appendiceal cancer, and PAC. Interest-
ingly, 3% of CUP harbor KRAS G12C mutations, which may expand
the therapeutic options for patients with CUP. The recent success of
KRAS G12C inhibitors across KRAS G12C-mutant cancers, has
reinvigorated the enthusiasm in directly targetingKRAS. Furthermore,
while KRAS G12C inhibitors have been on the forefront of mutant
KRAS inhibition, alternate KRAS codon 12 and 13 alleles are the main
oncogenic drivers in non-NSCLC tumors and development of
allele-selective inhibitors beyond KRAS G12C is well underway (60).
These clinical efforts, highlight the importance of understanding the
genomic architecture and TME of non-G12C KRAS-mutant tumors
that can in turn enhance effective RAS targeting in cancer types
other than NSCLC.

Similar to RAS allele prevalence, comutation patterns between RAS
and non-RAS genes occur in a context-dependent manner. This is
exemplified in the genomic diversity of RAS-mutant NSCLC that may
translate into differential clinical outcomes and reflect different ther-
apeutic sensitivity. Patients with NSCLC with KRAS/KEAP1/NFE2L2
comutations may have shorter overall survival and duration of
response with platinum-based chemotherapy (14, 61). STK11 and
KRAS comutations have also been linked with inferior outcomes in
NSCLC (61, 62) and in PD-L1–positive NSCLC, STK11, and KRAS
comutations have been shown to confer resistance to anti–PD-1/PD-
L1 therapy with significantly lower objective response rates, shorter
progression-free survival and overall survival (62). Importantly, sotor-
asib and adagrasib may induce a proinflammatory TME in KRAS
G12C-mutant NSLC (46, 63), which is in line with by preliminary
results from the CodeBreak100 clinical trial, showing responses with
single-agent sotorasib in patients withNSCLCharboringKRASG12C/
STK11 comutations (20).

In addition to confirming known co-occurrence between KRAS
G12C and STK11/KEAP1 mutations in NSCLC as well as their
transcriptomic profiles and prognostic/predictive value with
immunotherapy-containing regimens, we discovered additional
comutation patterns reflecting distinct cellular tracks and immune
surveillance states ultimately impacting clinical outcomes. KRAS
G12C/NTRK3 comutations were identified in NSCLC, and these
tumors showed an upregulation of proliferation and cell-cycle
progression pathways. While KRAS/NTRK3 co-occurrence has not
been reported as a mechanism of resistance to KRAS G12C inhi-
bitors, TRK receptor signaling may activate the RAS/MAPK path-
way (64) and it is therefore possible that these comutations may
confer differential clinical efficacy with KRAS inhibition. Our
findings may also inform rational combinations of KRAS and
NTRK targeted therapies.

The differential response rates seen with the KRAS G12C inhib-
itor sotorasib suggest cancer type–specific oncogenic KRAS signal-
ing that are potentially reflected in/mediated by comutation profiles
with non-RAS genes (19, 20, 65). Early studies investigating the
genomic landscape of acquired resistance to KRAS G12C inhibitors
point towards heterogeneous polyclonal in nature escape mechan-
isms (51, 66, 67). In KRAS G12C-mutant colorectal carcinoma cell
lines, KRAS G12C inhibition induced rebound activation of the
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MAPK pathway via upstream activation of EGFR signaling (68).
More recently the CodeBreak 100 clinical trial failed reach the
benchmark overall response rate for patients with KRAS G12C-
mutant colorectal carcinoma, which further exemplifies the context-
dependent efficacy of KRAS-directed therapy (65). Notably, we
reported mutual exclusivity between KRAS and MAPK pathway
mutations in most tumor types, with the exception of colorectal
carcinoma and PAC tumors. Given the role of secondary mutations
in the MAPK axis in the emergence of acquired resistance to
KRAS G12C inhibition (51, 66), it is plausible that co-occurring
KRAS G12C and MAPK pathway alterations in colorectal carcino-
ma may be mediating primary resistance to KRAS G12C inhibitors,
reflected in the inferior response rates seen in the CodeBreak100
clinical trial. To this end, our findings may inform rational combi-
nations of KRAS and MAPK pathway inhibitors to prevent
or overcome resistance to KRAS targeted therapy in a cancer
lineage–dependent manner.

We showed that the context dependent comutation architecture
shapes differential cancer hallmark recruitment and immune surveil-
lance states and these may in turn sculpt clinical outcomes with RAS
targeted therapies. Our findings can be leveraged to inform rational
combinations of targeted therapies in a cancer lineage–dependent
manner based on RAS comutations. In colorectal carcinoma, where
KRAS is comutated with PIK3CA and genes in the PI3K pathway,
combined MEK or ERK with PI3K inhibition may be effective for
KRAS codon 12–mutant—G12D and G13D in particular—colorectal
carcinoma. While RAS mutations were predominantly mutually
exclusive with alterations in receptor tyrosine kinases, NF1 and BRAF
class Imutations, combination of RAS targeted therapies with SHP2 or
SOS1 inhibition that reduce KRAS-GTP loading and switching to its
active state may be particularly effective for the subset of cancers with
increased upstream signaling via receptor tyrosine kinases, BRAF class
III mutations or in the setting of NF1 loss (60). Given the combined
dependency of pancreatic tumors on mutant KRAS signaling and cell-
cycle progression via loss of CDKN2A, CDK4/6 inhibitors such as
palbociclib may synergize with KRAS inhibitors in improving clinical
outcomes in tumors harboring KRAS/CDKN2A comutations. In addi-
tion to potential vulnerabilities to targeted therapies, our work
highlighted differences in tumor immunoediting of RAS-mutant
tumors. We found that KRAS-mutant tumors are not uniformly
surrounded by an immunosuppressed TME, with KRAS G12C or
G12V/TP53 comutant NSCLC as a representative example of a RAS-
mutant subset with an inflamed TME. Importantly, immune surveil-
lance states assessed by TME transcriptomic profiles were reflected in
clinical outcomeswith immunotherapy-containing regimens, asKRAS
G12C/TP53 or KRAS G12C/chromatin regulator comutant NSCLCs
were found to attain favorable clinical outcomes. In contrast, the TME
of KRAS/MAPK comutant pancreatic cancers was found to be deplet-
ed in IFNg and inflammatory response gene sets, which may explain
the limited clinical efficacy of immunotherapy in this tumor type.
Collectively, our work exemplified the molecular heterogeneity of
RAS-mutant tumors and supports the notion that one-size-fits-all
RAS targeted treatment strategies are unlikely to be clinical effective.
Our findings can be leveraged for rational combinations of KRAS
targeted therapies and enhance the responses to KRAS inhibitors or
point to combinations of KRAS targeted therapy with standard of care
immunotherapy approaches in a KRAS comutation informedmanner.

From a methodologic standpoint, existing approaches for estimat-
ing prevalence and co-occurrence either estimate the overall relation-
ship for a specific cancer type without accounting for potential
confounding of TMB, mutation signature, sex, race, and age, or fit

a series of independent models to each stratum ignoring information
between subgroups (69–71). While the first approach can lead to
biased estimates as it does not adjust for potential confounders such as
TMB and host features, the second approach ignores the possible
similarities in gene–gene relationships between subgroups and can be
highly sensitive to spurious associations when the number of samples
in the subgroups is small. Furthermore, many of the existing methods
only assessmutual exclusivity and do not assess dependencies thatmay
reflect positive selection. To address these challenges, we employed
Bayesian hierarchical models for prevalence and comutation analyses
that allow information to be shared across cancer types and between
strata of age, sex, ethnicity, TMB, or mutation signatures through
shared parameters at higher levels of these models. For rare cancer
types in the AACR Project GENIE Registry, our model shrinks
estimates of prevalence or comutations to the overall mean, while for
common cancer types prevalence and comutation are nearly inde-
pendent of other cancers. Implicitly, ourmodel assumes that mutation
rates for rarer tumor types could be improved by sharing information
between cancers or that co-occurrence for individuals with a single
cancer and a specific mutation profile could be informed by the co-
occurrence patterns from other mutation profiles from individuals
with the same cancer. The availability of posterior distributions for
regression coefficients quantifying gene–gene dependencies and the
variance of these effects between strata of potential confounders
provide a rich inferential framework for modeling and evaluating
mutation patterns. Extensions of the log-linear model include the
interaction of confounding variables. Our Bayesian model can be
applied to additional datasets, used to explore additional non-RAS
gene/gene interactions and organically updated with future data,
including patients from cancer types not originally included in the
model, as the AACR Project GENIE Registry is expanding.

An important consideration in performing comutation analyses is
the fact that mutation frequencies may be affected by the total TMB,
which in turn may be attributed to key biological processes, such as
mismatch repair deficiency. Furthermore, cancer genomes are shaped
by exogenous carcinogens and endogenous mutagenic processes that
are reflected in their mutational spectra. Comutation patterns may
therefore be attributed to the underlying mutational signatures rather
than point to a biologically important selection of comutated driver
genes. Such “passenger hotspots” do not confer a fitness advantage to
the cancer cells, rather occur at high frequency because of being
optimal substrates (43). For instance, APOBECmutational signatures,
have been linked with recurrent mutations in DNA stem-loops, with
PIK3CAmutations being a representative example of recurrent muta-
tions in the context of substrate optimization (43, 72). Chromatin state
also impacts mutation rate as open chromatin is associated with
increased DNA repair (73) and ARID1A deficiency has been shown
to impair mismatch repair (74), which would in turn cause an
increased mutation burden. An enrichment in chromatin regulating
genes has been previously described in the context of tumor rejection
with immune checkpoint blockade (75), whichwas consistent with our
findings in patients with NSCLC harboring KRAS G12C and hotspot
mutations in chromatin regulating genes, that attained longer overall
survival with immunotherapy-containing regimens.

While multicenter databases such as the AACR Project GENIE
Registry enable large-scale genomic analyses that would not otherwise
be possible, our study has several limitations. First, the differences in
targeted sequencing platforms, bioinformatic filters, and mutation
callers between study centers can artificially inflate the heterogeneity of
prevalence and measures of association in co-occurrence models. To
address these limitations, we assessed the heterogeneity by reframing
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the hierarchical model to measure prevalence for a specific cancer
hierarchically across study centers.Weused this same strategy to assess
biological sources of confounding such as age, race, gender, tumor
type, mutation burden, and mutation signatures. Furthermore, our
analyses were focused on characterization of comutations of hotspot
RAS mutations across cancers; future studies will evaluate RAS
alterations other than codon 12, 13, and 61 mutations, including
KRAS amplifications and rare mutations as well as experimentally
validate our findings.

Taken together, our comprehensive assessment of RAS comuta-
tions, revealed the context-dependent genomic footprint of RAS-
mutant tumors that may enable recognition of dysregulated pathways
and potential targets for therapeutic intervention (Fig. 8). Our work
unravels the complex genomic profile of RAS-mutant tumors and
supports a selection process for specific RAS mutations and comuta-
tion patterns in a context-dependent manner. Our findings suggest
that oncogenic RAS signaling differs in different tumor types and RAS
mutation and comutation patterns lead to different neoplastic phe-
notypes and potentially point to differential therapeutic vulnerabilities
and clinical outcomes. Our study is the first one—to the best of our
knowledge—to comprehensively assess the genomic landscape of
RAS-mutant tumors in a pan-cancer manner and with a mutant
allele-specific resolution, considering gene–gene interactions individ-
ually as well within gene families and pathways and considering host
and tumor global genomic features that cooperate toward positive
selection of genotypically distinct cancer cell clones, in the context of
differential TME phenotypes. Our findings can be leveraged for
rationally combining RAS directed therapies with targeted therapies
and immunotherapy in a context-dependent manner.
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