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Summary

Investigating therapeutic “outliers” that show exceptional responses to anti-cancer treatment can 

uncover biomarkers of drug sensitivity. We performed preclinical trials investigating primary 

murine acute myeloid leukemias (AMLs) generated by retroviral insertional mutagenesis in 

KrasG12D “knock-in” mice with the MEK inhibitor PD0325901 (PD901). One outlier AML 

responded and exhibited intrinsic drug resistance at relapse. Loss of wild-type (WT) Kras 
enhanced the fitness of the dominant clone and rendered it sensitive to MEK inhibition. Similarly, 

human colorectal cancer cell lines with increased KRAS mutant allele frequency are more 

sensitive to MAP kinase inhibition, and CRISPR-Cas9-mediated replacement of WT KRAS with a 

mutant allele sensitized heterozygous mutant HCT116 cells to treatment. In a prospectively 

characterized cohort of patients with advanced cancer, 642 of 1168 (55%) with KRAS mutations 

exhibited allelic imbalance. These studies demonstrate that serial genetic changes at the Kras/
KRAS locus are frequent in cancer, and modulate competitive fitness and MEK dependency.

TOC image

Imbalance in the dosage of mutant and wild-type KRAS allele shapes the tradeoff between rapid 

cancer cell growth and resistance to MEK inhibitor therapy, explaining challenges encountered 

during inhibitor trials.
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Introduction

KRAS is the most common dominant mutation in cancer, and there is a deep understanding 

of how oncogenic amino acid substitutions perturb the Ras/GTPase activating protein (Ras/

GAP) molecular switch. Despite this, rational drug discovery has proven an insurmountable 

challenge due to the structural features of the Ras/GAP complex, picomolar affinity of Ras 

proteins for guanine nucleotides, and impaired GTPase activity of Ras oncoproteins 
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(Downward, 2003; Stephen et al., 2014). This has, in turn, stimulated efforts to develop 

inhibitors of Ras effector molecules, particularly components of the Raf/MEK/ERK 

(mitogen activated protein kinase; MAPK) and phosphoinositide 3-kinase (PI3K)/Akt/

mammalian target of rapamycin (mTOR) pathways. However, inhibitors of Ras effectors 

have largely been ineffective in RAS mutant cancers, arguing that rational combinations 

based on a deeper understanding of the unique dependencies imposed by oncogenic KRAS 
in different tissue lineages will be necessary for effective clinical translation.

The classic view of RAS as a dominant oncogene posits that tumor cells contain one normal 

and one mutant allele. However, substantial evidence supports the existence of selective 

pressure to increase oncogenic signaling through secondary alterations of mutant RAS (or 

Ras) copy number. Oncogenic Hras amplification is an early event in murine skin 

carcinogenesis models that may be associated with somatic uniparental disomy (Bremner 

and Balmain, 1990; Chen et al., 2009). Recent studies in a mouse model of non-small cell 

lung cancer (NSCLC) characterized by endogenous KrasG12D expression identified frequent 

KrasG12D copy number gain and loss of wild-type (WT) Kras in primary tumors, which was 

associated with advanced histologic grade, increased MAPK pathway activation, and 

metabolic reprogramming (Junttila et al., 2010; Kerr et al., 2016). Mutant KRAS/NRAS 
expression is elevated in many cancer cell lines and in some mouse cancer models due to 

RAS gene amplification and/or somatic loss of the corresponding normal RAS allele 

(Bremner and Balmain, 1990; Junttila et al., 2010; Li et al., 2011; Modrek et al., 2009; Soh 

et al., 2009). Importantly, however, the mechanisms underlying the outgrowth of clones with 

RAS/Ras allelic imbalance are poorly understood.

Deep molecular analysis of therapeutic outliers can identify unexpected synthetic lethal 

interactions and uncover biomarkers of enhanced sensitivity to targeted anti-cancer agents. 

For example, somatic mutations affecting mTOR effector molecules may result in 

exceptional and durable clinical responses to mTORC1 inhibitors (Iyer et al., 2012; Wagle et 

al., 2014). This paradigm has also been extended to patients treated with conventional 

chemotherapy (Al-Ahmadie et al., 2014). Studies of cancers that relapse after a dramatic 

initial response can also reveal unexpected resistance mechanisms, such as reactivation of 

BRCA2 due to somatic mutation (Edwards et al., 2008; Sakai et al., 2008). Unfortunately, 

functional analysis of exceptional clinical responders is invariably limited by tissue 

availability and inherent challenges involved in culturing and manipulating primary human 

cancer cells ex vivo.

Retroviral insertional mutagenesis (RIM) is an unbiased in vivo strategy for cancer gene 

discovery (Uren et al., 2005). In this system, viral integrations promote tumorigenesis by 

activating proto-oncogenes or disrupting tumor suppressors, and also serve as molecular 

sequence tags for identifying candidate cancer genes. The retroviral insertions in individual 

cancers also mark a dominant clone that might, in principle, evolve in response to the 

selective pressure imposed by treatment. To test this idea, we used RIM to generate 

genetically diverse leukemias in Nf1, Kras, and Nras mutant mice, transplanted them into 

recipients, and administered signal transduction inhibitors (Burgess et al., 2014; Dail et al., 

2014; Lauchle et al., 2009). These studies identified multiple independent leukemias that 

responded to treatment, but ultimately relapsed due to the outgrowth of rare drug resistant 
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cells. Some of these pre-existing clones exhibited additional retroviral integrations that 

caused drug resistance by either increasing the expression of target genes or by disrupting 

them (Dail et al., 2014; Lauchle et al., 2009).

Here we describe an “outlier” KrasG12D acute myeloid leukemia (AML) that relapsed after a 

prolonged response to treatment with the allosteric MEK inhibitor PD0325901 (PD901)

(Brown et al., 2007). Molecular and functional analysis of a pre-existing, drug-resistant 

subclone unexpectedly implicated serial genetic alterations at the Kras locus as both driving 

clonal outgrowth and modulating drug sensitivity. Specifically, sensitive and resistant AMLs 

emerged from the same founder clone, and both harbor a KrasG12D duplication. PD901-

sensitive leukemia cells exhibit loss of WT Kras, out-compete the resistant AML in vivo, 

and are more sensitive to MEK inhibition. Restoring WT Kras expression in this dominant, 

drug sensitive primary leukemia suppressed its growth. Similarly, a KRAS allelic 

configuration characterized by increased oncogene dosage predicted sensitivity to PD901 

and GDC-0973 (cobimetinib) in human colorectal cancer (CRC) cell lines, and CRISPR-

Cas9-mediated gene replacement of WT KRAS with a mutant allele sensitized HCT116 

CRC cells to drug treatment. Molecular analysis of an ongoing prospective sequencing effort 

of over 11,000 advanced human cancers revealed mutant allele imbalance in 55% of 1,168 

KRAS-mutant tumors of all histologic types, many of which lost WT KRAS through diverse 

genetic mechanisms. Clonal evolution at the KRAS locus resulting in increased oncogene 

expression and loss of the normal allele may identify a subset of cancers with increased 

dependence on MAPK signaling in some tissue contexts.

Results

KrasG12D AMLs Are Genetically Heterogeneous

We generated primary transplantable AMLs in Mx1-Cre, Lox-STOP-Lox (LSL)-KrasG12D 

mice on a F1 C57BL/6 x 129Sv/Jae strain background (Dail et al., 2010). Briefly, neonatal 

mice that were injected with the MOL4070LTR retrovirus received a single dose of 

polyinosinic-polycytidylic acid (pIpC) three weeks later to excise the inhibitory LSL 
cassette and induce KrasG12D expression from the endogenous locus. This strategy 

recapitulates the most common pathogenic sequence in human AML whereby secondary 

RAS mutations cooperate with disease-initiating alterations in transcription factors and 

epigenetic regulators (Jan et al., 2012; Lindsley et al., 2015; Shlush et al., 2014). Southern 

blot analysis of KrasG12D AMLs 101, 21B, 28B, and 63A with a MOL4070 probe revealed a 

unique pattern of restriction fragments in each leukemia that correlated with the number of 

retroviral integrations identified by amplifying, cloning, and sequencing individual junction 

fragments (Figure S1A–E, Table S1). Importantly, each AML contains one or more 

integrations within or near known “driver” oncogenes and tumor suppressors, many of 

which were also identified in other RIM screens (Dail et al., 2010; Lauchle et al., 2009; Li et 

al., 2011). These cancer genes include Myb (n = 3) as well as Bcor, Kras, Cux1, and Evi5 (n 

= 1 of each) (Table S1). Together, these data strongly support an initiating role of retroviral 

integrations in generating preleukemic founder clones that evolve into AML and expand 

upon KrasG12D expression.
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KrasG12D AML 101 is an Exceptional Responder to MEK Inhibition

We transplanted AMLs 21B, 28B, 63B, and 101 into cohorts of sub-lethally irradiated mice 

and randomly assigned these recipients to receive PD901 (5 mg/kg/day) or control vehicle 

(Burgess et al., 2014; Lauchle et al., 2009). Treatment with PD901 significantly prolonged 

overall survival (Figure 1A, S1E), with the drug-treated recipients of AML 101 surviving for 

52 days versus 11 days for control mice (Figure 1B). Southern blotting revealed an 

additional MOL4070 integration that was highly enriched in leukemia cells isolated from 

multiple PD901-treated recipients at relapse (Figures 1C, S1A), indicating outgrowth of a 

pre-existing subclone as observed previously in mouse and human leukemias (Dail et al., 

2014; Ding et al., 2012; Lauchle et al., 2009; Welch et al., 2012). Importantly, this DNA 

fragment was only faintly visible in recipients of AML 101 treated with either control 

vehicle or GDC-0941, a PI3 kinase inhibitor that did not extend survival (Figure 1C, Table 

S2). By contrast, Southern blot analysis of AMLs 21B, 28B, and 63A revealed a stable 

pattern of MOL4070 integrations in after treatment (Figure S1B–D). In addition to 

prolonging survival, PD901 reduced the growth of KrasG12D-mutant AML cells in short-

term liquid culture, with AML 101 displaying the greatest sensitivity (Figure 1D). The 

dramatic response of AML 101 followed by relapse with clonal evolution identified this 

leukemia as a biologic outlier with respect to its dependence on MEK.

Relapsed AML 101 Displays Intrinsic Drug Resistance

AML 101 cells from relapsed mice were markedly less sensitive to PD901 than the initial 

leukemia ex vivo (IC50 69 nM versus 3.6 nM; Figure 1E). Furthermore, secondary recipients 

that were transplanted with these cells and then treated with PD901 had greatly reduced 

survival compared to the initial cohort (Figure 1F, Table S2). Based on the presence of 

intrinsic drug resistance, we hereafter refer to this subclone as AML 101-R. A dose-

dependent increase in phosphorylated MEK (pMEK), which is a biomarker of PD901 

pharmacodynamic activity (Brown et al., 2007), was observed when AMLs 101 and 101-R 

were grown ex vivo in the presence of PD901 (Figure 1G), but higher concentrations of 

PD901 were required to fully suppress ERK phosphorylation in AML 101-R (Figures 1G, 

1H). Consistent with the Southern blot data, AMLs 101 and 101-R share multiple MOL4070 

integrations, indicating that they evolved from the same founder clone (Figure 1C, S1A, 

Table S1). AML 101-R also contains an additional insertion upstream of the translational 

start site of the Gng12 gene, which encodes a poorly characterized G protein gamma subunit 

(Table S1). To functionally investigate Gng12 as a candidate resistance gene, we generated 

lentiviruses encoding green fluorescent protein (GFP) or GFP fused to the C-terminus of 

either Gng12 or MEK1L115P with an intervening self-cleaving T2A peptide linker. 

MEK1L115P has reduced affinity for PD901 (Emery et al., 2009). Expressing MEK1L115P 

induced resistance to PD901 in AML 101 cells ex vivo, while enforced Gng12 expression 

did not (Figure S1F). We next performed transduction/transplantation studies in which AML 

101 cells that were infected with these lentiviruses were sorted to purity, injected into 

irradiated recipients, and treated with PD901. Whereas AML 101 cells expressing 

MEKL115P were resistant to PD901 in vivo (p-value=0.009, log-rank test), Gng12 expression 

did not alter drug sensitivity (Figure S1G). Together, these studies demonstrate that the 

response of AML 101 to PD901 is due to MEK inhibition (“on target”) and also provide 

strong evidence that the Gng12 insertion does not drive resistance.
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Clonal Evolution of AMLs 101 and 101-R at the Kras Locus

Whole exome sequencing (WES) and expression profiling of AMLs 101 and 101-R did not 

reveal either mutations in logical candidate genes such as Mek1 and Mek2. Interestingly, 

however, genome-wide DNA copy number alterations (CNAs) inferred from the WES data 

revealed a single copy gain of chromosome 6 in AML 101-R. Spectral karyotyping 

confirmed trisomy 6 and an otherwise stable genome without focal amplifications or 

deletions (Figure 2A; Figure S2A–B). Quantitative RT-PCR analysis demonstrated a 

concomitant ~1.5 fold increase in the expression of multiple chromosome 6 genes in AML 

101-R, including Gng12 and Kras (Figure 2B), and Western blot analysis confirmed 

increased K-Ras protein levels in the resistant leukemia (Figure S2C). Fluorescence in situ 
hybridization (FISH) utilizing a bacterial artificial chromosome probe spanning the Kras 
locus revealed two signals in AML 101 and three signals in AML 101-R (Figure 2C). 

Analyzing interphase nuclei prepared from AMLs 101 and 101-R by FISH further suggested 

that the trisomy 6 clone existed at low frequency in the pre-treatment AML (~3% of cells) 

and was selected for by PD901 therapy (Figure 2D). The WES data suggested a KrasG12D 

duplication and loss of WT Kras in AML 101 (Figure S2D), and sequencing individual PCR 

products amplified from this leukemia confirmed that KrasG12D was present at an allelic 

frequency of ~99% compared with a 2-to-1 ratio of mutant to WT Kras sequences in AML 

101-R. AML 101 is thus homozygous for KrasG12D while AML 101-R also contains two 

copies of KrasG12D and retains a single WT allele. This Kras allele frequency was stable 

upon transplantation and retreatment of AML 101-R with either vehicle or PD901 (Figure 

2E). Exploring the Kras locus in greater detail, an analysis of heterozygous single nucleotide 

polymorphism (SNP) genotypes from the WES data showed that the KrasG12D allele was 

duplicated in AML 101 by acquired uniparental disomy (UPD), which resulted in copy-

neutral loss of heterozygosity spanning most of chromosome 6 including Gng12 and Kras 
(Figure 2F). The breakpoint was delineated by a change in the 129Sv/Jae allele frequency 

from ~0.5 to 1 in AML 101. Analysis of the SNP genotypes in AML 101-R revealed a 

129Sv/Jae SNP allele frequency of ~0.67 across chromosome 6 (Figure 2F). Based on these 

data, we conclude that the chromosome 6 homolog harboring the WT Kras allele contains a 

“passenger” retroviral insertion into the Gng12 locus that is lost in AML 101.

A Retroviral Integration in AML 21B Increases KrasG12D Expression

The three KrasG12D AMLs (21B, 28B, and 63A) that were less responsive to PD901 retained 

variable levels of WT Kras relative to KrasG12D (Table S2). Sequencing individual PCR 

products (n=96 per leukemia) from AMLs 21B and 28B revealed no increase in mutant 

allele copy number, while that ratio of mutant to WT Kras sequences was 3:1 in AML 63A. 

We also asked if a MOL4070LTR integration identified upstream of the Kras locus in AML 

21B (Table S2) altered gene expression by amplifying, cloning, and sequencing individual 

cDNA molecules (n=96 per leukemia). Remarkably, this analysis revealed a 2:1 ratio of 

KrasG12D to WT Kras expression in parental and relapsed AML 21B cells despite equivalent 

DNA copy number (Table S2, Figure 3A–B). Amplifying and sequencing PCR products 

from flanking DNA sequences showed that the MOL4070 integration occurred on the 

129Sv/Jae chromosome 6 homolog harboring the KrasG12D allele (Figure 3C). Together 

with the KrasG12D duplication in AML 101, this analysis of AML 21B provides independent 
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evidence that increased KrasG12D expression provides a selective growth advantage in 

leukemogenesis.

AML 101 has a Competitive Growth Advantage that is Reversed by PD901 Treatment

The epistatic relationship of drug sensitive and resistant clones could follow one of two 

trajectories – either drug sensitive clones have a fitness advantage in the absence of 

treatment or resistant cells are inherently more aggressive, but fail to achieve clonal 

dominance because they arise later in cancer ervolution. To directly distinguish between 

these possibilities, we labeled AML 101 with a mCherry reporter, mixed these “competitor” 

cells with either GFP-labeled AML 101 or AML 101-R at a ratio of 1:1, and injected them 

into mice (Figure 4A). Because AMLs 101 and 101-R are rapidly fatal (Figure 1F), the 

primary recipients were euthanized after two weeks to assess the percentage of mCherry and 

GFP-positive blasts in the bone marrow. AML 101 cells labeled with mCherry out-competed 

GFP-positive AML 101-R cells by this time point (Figure 4B). The clonal dominance of 

AML 101 was accentuated in secondary recipients that were euthanized four weeks after the 

initial transplants (p=0.0002; Figure 4B–C). By contrast, the percentages of cells labeled 

with mCherry or GFP were stable over the same time course in control recipients that were 

transplanted with a mix of AML 101/mCherry and AML 101/GFP cells (Figure 4B–C). 

Limit dilution transplantation experiments excluded the possibility that the competitive 

disadvantage of AML 101-R is due to fewer leukemia initiating cells (Table S3, Figure 

S3A–B). The in vivo competitive advantage of AML 101 is also not attributable to a higher 

proliferative potential as AML 101-R showed a rapid doubling time ex vivo and induced 

more significant leukocytosis and splenomegaly than AML 101 in transplant recipients 

(Figure S3C–D). To investigate if PD901 treatment would abrogate the in vivo growth 

advantage of AML 101, we transplanted additional mice with a 1:1 mixture of labeled AML 

101 and 101-R cells, and assigned these recipients to receive control vehicle or PD901 (n=5 

per cohort)(Figure 4D). When these mice were euthanized two weeks later, cohorts of 

secondary recipients either continued to receive the same treatment or crossed over to the 

alternative. Remarkably, PD901 dramatically altered the competitive balance between AMLs 

101 and 101-R in both primary and secondary recipients with the resistant leukemia 

achieving a modest, but significant, growth advantage after four weeks of treatment (Figure 

4D).

Wild-Type Kras Expression Modulates Competitive Fitness and PD901 Response in AML 
101

We pursued two complementary approaches to modulate WT K-Ras expression in AMLs 

101 and 101-R. First, we generated a panel of lentiviral shRNA constructs targeting Kras, 

including one (shKras.54) that reduced Kras expression to ~70% of a shRenilla.713 control 

(Figure 5A). AML 101-R cells that were infected with this vector were sorted to purity and 

then transplanted. When the recipients developed overt leukemia, we isolated mCherry-

positive cells and exposed them to a range of PD901 concentrations ex vivo. Reducing Kras 
expression in 101-R cells increased sensitivity to PD901 (Figure 5B). Kras shRNA 

molecules reduce the expression of both WT Kras and KrasG12D and more potent constructs 

than shKras.54 inhibited the growth of AML 101-R (data not shown). Multiple efforts to 

abrogate WT Kras expression by using CRISPR-Cas9 gene editing failed because AML 
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101-R cells transduced with a Cas9 expression vector did not survive (data not shown). We 

therefore asked if restoring WT K-Ras expression might alter competitive fitness and drug 

sensitivity by labeling AML 101 with a mCherry vector, mixing these “competitor” cells 

with AML 101 cells expressing either GFP or a GFP-K-Ras fusion protein, and transferring 

them into recipient mice. WT K-Ras expression suppressed the growth of AML 101 in vivo 
as assessed by the percentage of labeled cells 10 days post-transplant (Figure 5C). We next 

infected AML 101 with lentiviral vectors encoding GFP, MEKL115P-T2A-GFP, or GFP-K-

Ras and exposed transduced leukemia cells to a range of PD901 concentrations ex vivo. 
Remarkably, expressing GFP-K-Ras resulted in a dramatic and PD901 dose-dependent 

increase in the percentage of labeled cells after four days that was similar to expressing 

MEKL115P-T2A-GFP (Figure 5D). Based on these effects of WT K-Ras, we reasoned that 

high levels of constitutive Raf/MEK/ERK pathway activation might induce strong negative 

feedback in AML 101. Consistent with this idea, genes associated with MAPK signaling 

output as well as known negative regulators of this pathway (Pratilas et al., 2009) were 

expressed at higher levels in AML 101 than in AML 101-R (Figure 5E). Together with the 

enhanced biochemical sensitivity of AML 101 to MEK inhibition (Figure 1G), these data 

provide evidence of increased flux through the Raf/MEK/ERK pathway in AML 101, and 

implicate negative feedback as modulating PD901 sensitivity.

Loss of WT KRAS Sensitizes KRAS Mutant Colorectal Cancer Cell Lines to MAPK Pathway 
Inhibition

Comprehensive studies of primary AMLs 101 and 101-R indicated that the configuration of 

WT and mutant KRAS alleles influences competitive fitness and drug sensitivity. Because 

somatic KRAS mutations are relatively uncommon in AML (~5% of cases), we queried 

lung, pancreatic, and colorectal cancer cell line databases, as these epithelial tumors possess 

a high frequency of somatic KRAS mutations. Colorectal (CRC) cancer cell lines with high 

KRAS mutant allele zygosity (>0.6 allele frequency) were significantly more sensitive to 

PD901 and GDC-0973 (cobimetinib)(p<0.05; Figure 6A, Table S4). This finding was 

specific for the MAPK pathway as CRC cells with high KRAS mutant allele frequency were 

also hypersensitive to an ERK inhibitor (Figure 6B), but not to small molecules targeting 

PI3K signaling, DNA replication, or cellular metabolism (Table S4). Interestingly, drug 

sensitivity did not correlate with KRAS mutant allele zygosity in pancreatic or lung cancer 

cell lines (Figure S4, Table S4). KRAS copy number was normal or increased in CRC cell 

lines with high mutant allele frequency, and KRAS oncogene expression was markedly 

elevated in all of them (Figure 6C). Examining the responses of individual CRC cell lines 

showed that all six with high KRAS mutant allele frequency were sensitive to MEK 

inhibition, while the other lines exhibited variable responsiveness. Interestingly the 

heterozygous CRC cell line with the greatest sensitivity to MEK inhibition (SW 403) had a 

KRAS mutant allele frequency of 0.35, but showed 100% oncogenic KRAS expression at 

the RNA level (Table S4). To specifically determine if deletion of WT KRAS in CRC cells 

modulates drug sensitivity, we performed CRISPR-Cas9 gene editing in HCT116, which is 

heterozygous for a G13D KRAS mutation. This effort yielded three independent 

homozygous mutant clones as well as control HCT116 cells that went through the entire 

targeting and selection process, but remained heterozygous at the KRAS locus (Figure S5). 

The growth rates and morphology of these four clones were similar to parental HCT116 
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cells under standard culture conditions (Figure S6A–C). However, homozygous G13D 

HCT116 cells expressed a higher percentage of GTP-bound Ras and proliferated more 

rapidly in low serum conditions (Figure 6D, S6D). Remarkably, all three KRASG13D/G13D 

clones exhibited enhanced sensitivity to MEK inhibition relative to parental HCT116 cells 

and the control clone that retained a heterozygous KRAS genotype (Figure 6E–F).

KRAS Allelic Imbalance in Human Cancer Cell Lines and Primary Tumors Containing 
KRAS Mutations

Sequential changes at the Kras locus in AML 101 before and after PD901 treatment and the 

pronounced effect of high KRAS mutant allele frequency on drug sensitivity in CRC cell 

lines led us to assess the frequency of allelic imbalance in human cancers with KRAS 
mutations. We addressed this question by interrogating an accruing cohort currently 

comprised of 11,870 tumor specimens from patients with advanced cancers prospectively 

sequenced as part of their routine diagnostic evaluation. As described in the Methods 

section, we determined KRAS mutant allele imbalance algorithmically by first segmenting 

total, allele-specific, and integer DNA copy number in every sequenced sample and 

combining these data with estimates of tumor purity, ploidy, the presence of whole-genome 

duplication, major and minor copy number, and the KRAS mutant allele frequency. 

Remarkably, this analysis revealed allelic imbalance in 55% of 1,168 KRAS-mutant tumors 

across 30 cancer types (Figure 7A, left). The genetic mechanisms underlying KRAS mutant 

allele imbalance in diploid and high ploidy tumors varied with a significant fraction of 

tumors harboring loss of WT KRAS due to either heterozygous loss of the chromosome 12p 

arm encoding WT KRAS or via copy-neutral loss of heterozygosity. Whole genome 

duplication (WGD) followed by focal loss of large DNA segments and other more complex 

sequentially occurring genetic mechanisms were also highly prevalent across all cancer 

types (Figure 7A, right). An independent analysis of datasets from primary untreated KRAS-

mutant tumors sequenced by The Cancer Genome Atlas (TCGA) consortium confirmed 

these observations (data not shown), with multiple independent KRAS-mutant cancers 

showing pronounced allelic imbalance (Figure S7).

Discussion

Our work underscores the utility of mouse cancer models for uncovering serial genetic 

changes during cancer evolution in vivo, and for directly assessing how they alter fitness and 

drug sensitivity. In particular, it has proven difficult to elucidate the respective roles of 

KRAS oncogene copy number gains and of the putative tumor suppressor activity of WT 

KRAS in human cancer, particularly in the context of UPD where duplication of the mutant 

allele and loss of WT KRAS occur concurrently. The exceptional response of AML 101 to 

MEK inhibition coupled with genetic and functional analysis showed that increased 

oncogenic KrasG12D copy number preceded WT Kras inactivation to drive leukemic 

outgrowth, alter clonal fitness and modulate drug response. Orthogonal studies of CRC cell 

lines, including CRISPR-Cas9-mediated gene editing of HCT116 cells, demonstrated that 

oncogene duplication coupled with loss of the WT allele increases MAPK pathway 

dependence. We also observed strong effects of tissue context as lung and pancreatic cancer 

cell lines with this KRAS genetic configuration were not hypersensitive to MEK inhibition. 
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While the reasons for this are unclear, KRAS mutation is an early or initiating event in these 

cancers (Johnson et al., 2001; Mainardi et al., 2014; Sansom et al., 2006; Tuveson et al., 

2004), but represents a later cooperating mutation that is associated with aggressive biologic 

behavior in the colonic and hematopoietic cells (Fearon and Vogelstein, 1990; Haigis et al., 

2008; Lindsley and Ebert, 2013).

The observation that many of the mutations detected in diagnostic AML samples persist at 

relapse provides compelling evidence that both populations derive from a common ancestral 

precursor (Ding et al., 2012; Welch et al., 2012). Similarly, the presence of multiple shared 

retroviral integrations in AMLs 101 and 101-R indicate that these leukemias emerged from a 

common founder clone (Figure 1C, S1A, Table S1). The low density of SNPs around the 

C57BL/6 x 129Sv/Jae chromosome 6 breakpoint precluded definitively determining whether 

AMLs 101 and 101-R arose independently, or if AML 101-R is a precursor of AML 101. 

Despite this limitation, our data strongly implicate increased KrasG12D oncogene dosage as 

driving AML outgrowth in both AML 101 and AML 21B. Importantly, subsequent loss of 

the normal Kras allele in AML 101 conferred an additional proliferative advantage while 

also rendering this primary leukemia highly dependent on MAPK signaling (Figure 7B).

The independent and cooperating effects of increasing oncogenic KrasG12D copy number 

and WT Kras inactivation to enhance compeititve fitness in AML 101 is also observed in 

CRC, where a KRAS mutant genotype characterized by both oncogenic copy number gain 

and loss of the normal allele is frequent in human cell line models and also associated with 

MAPK pathway dependence. Indeed, restoring WT Kras expression in AML 101 promoted 

resistance to PD901, while a complementary experiment in HCT 116 CRC cells in which we 

replaced WT KRAS with an oncogenic allele enhanced sensitivity to MEK and ERK 

inhibitors. Previous studies in chemically-induced carcinogenesis models showed that WT 

Hras and Kras exert growth-inhibitory (or tumor suppressor) activity in skin and lung, 

respectively (Bremner and Balmain, 1990; To et al., 2006; Zhang et al., 2001). In addition, 

deleting the WT KRAS allele in Hec1A (an endometrial cell line) was shown to increase the 

tumorigenic properties of these cells (Bentley et al., 2013). It is not known how inactivating 

WT KRAS promotes clonal outgrowth; however, a recent study suggesting that K-Ras 

signals as a dimer provides one plausible biochemical mechanism as a normal rate of GTP 

hydrolysis of the WT protein within K-RasWT:K-Rasmutant heterodimers would terminate 

signaling (Nan et al., 2013).

We detected allelic imbalance in 55% of over 1,100 KRAS-mutant tumors. This analysis of 

mostly advanced and post-treatment solid cancers also uncovered an unexpectedly high 

proportion of normal cells in clinical specimens. Given this, the use of orthogonal 

computational approaches to accurately quantify the ratio of normal to malignant cells is 

essential for accurately determining mutant allele burden in primary cancers. If such 

prospectively acquired and sequenced specimens are broadly representative of current 

practice, it is likely that previous studies have under-estimated the proportion of solid tumors 

that amplify oncogenic Ras signaling by increasing KRAS mutant allele burden.

Collectively, our studies provide a mechanistic link between serial genetic changes at the 

Kras/KRAS locus and response to a signal transduction inhibitor. As such, these data have 
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translational implications for implementing targeted therapeutic strategies for cancers with 

oncogenic KRAS mutations. When administered as single agents, MEK inhibitors have had 

disappointing efficacy in relapsed and refractory human cancers with KRAS mutations 

(Haura et al., 2010; Infante et al., 2012) and they are currently being evaluated in 

combination with other anti-cancer drugs. As these trials unfold, it will be important to not 

only determine if a KRAS mutation is present in a tumor, but to also accurately assess the 

potential therapeutic impact of KRAS expression levels, copy number, and the ratio of 

mutant to normal transcripts as a predictive biomarker. Going forward, determining the 

frequency of allelic imbalance at other oncogenic loci and how this affects drug responses is 

an intriguing question that merits additional investigation.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Kevin Shannon (shannonk@peds.ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models—Mus musculus F1 C57BL/6 x 129Sv/Jae strain background (Dail et al., 

2010) was utilized for the acute myeloid leukemia (AML) animal experiments described. 

AMLs were generated in congenic male and female mice and all therapeutic studies were 

carried out in male recipients to exclude the possibility of sex-linked variation in drug 

metabolism. Each AML was expanded in vivo, and the same number of cells (5×106) was 

injected into recipient mice, which were randomly assigned to treatment or control arms. 

Importantly, the time to death for vehicle-treated mice transplanted with individual 

leukemias was highly consistent across serial studies. The identities of individual AMLs and 

relationship to resistant clones were verified by molecular fingerprinting (Southern blot). 

Data analysis from previous studies has verified the statistical power of the cohort sizes used 

in these trials to reliably detect significant differences (Burgess et al., 2014; Dail et al., 2010; 

Dail et al., 2014; Lauchle et al., 2009). Male littermates were group housed, provided free 

access to standard rodent diet and water, and were randomly assigned to experimental 

treatment groups. For therapeutic studies, primary cryopreserved AML cells (5×106) were 

injected intravenously by tail vein into 8–12 week old mice that received a sublethal 

radiation dose (600 rads). Primary bone marrow from moribund mice was then serially 

passaged using the same methods into a cohort of recipient animals for assignment to 

therapeutic cohorts. Animals randomly assigned to experimental treatment groups were 

dosed by oral gavage without blinding at any stage of the study. All animals assigned to 

treatment groups were included in the survival analysis. Welfare-related assessments and 

interventions were carried our daily during the treatment period. All studies were approved 

by the Committee on Animal Research at the University of California, San Francisco.

Primary AML Cell Culture—For short-term cultures of primary murine AML cells, bone 

marrow cells from moribund transplant recipients were plated at 5×104 cells per mL in AML 

medium [IMDM supplemented with 10% fetal bovine serum, penicillin/streptomycin, 

glutamine, SCF (10 ng/mL), GM-CSF (10 ng/mL), and IL-3 (8 ng/mL)] and grown at 37 
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degrees Celsius. Cultured cells were grown with three or more technical replicates for each 

condition.

Cell line authentication and quality control—Cell lines were obtained from the 

American Type Culture Collection (ATCC) or Deutsche Sammlung von Mikroorganismen 

und Zellkulturen (DSMZ), expanded, and stored at early passage in a central cell bank at 

Genentech. Short tandem repeat (STR) profiles were determined for each line using the 

Promega PowerPlex 16 System. STR profiling was performed once and compared with 

external STR profiles of cell lines (when available) to determine cell line ancestry. The loci 

analyzed were as follows: detection of 16 loci (15 STR loci and Amelogenin for sex 

identification), including D3S1358, TH01, D21S11, D18S51, Penta E, D5S818, D13S317, 

D7S820, D16S539, CSF1PO, Penta D, AMEL, vWA, D8S1179, and TPOX. SNP profiles 

were performed each time new stocks were expanded for cryopreservation. Cell line identity 

was verified by high-throughput SNP profiling using Fluidigm multiplexed assays. SNPs 

were selected based on minor allele frequency and presence on commercial genotyping 

platforms. SNP profiles were compared with SNP calls from available internal and external 

data (when available) to determine or confirm ancestry. In cases where data were unavailable 

or cell line ancestry was questionable, DNA or cell lines were repurchased to perform 

profiling to confirm cell line ancestry. The SNPs analyzed were as follows: rs11746396, 

rs16928965, rs2172614, rs10050093, rs10828176, rs16888998, rs16999576, rs1912640, 

rs2355988, rs3125842, rs10018359, rs10410468, rs10834627, rs11083145, rs11100847, 

rs11638893, rs12537, rs1956898, rs2069492, rs10740186, rs12486048, rs13032222, 

rs1635191, rs17174920, rs2590442, rs2714679, rs2928432, rs2999156, rs10461909, 

rs11180435, rs1784232, rs3783412, rs10885378, rs1726254, rs2391691, rs3739422, 

rs10108245, rs1425916, rs1325922, rs1709795, rs1934395, rs2280916, rs2563263, 

rs10755578, rs1529192, rs2927899, rs2848745, and rs10977980. All stocks were tested for 

mycoplasma before and after cells were cryopreserved. Two methods were used to avoid 

false-positive/negative results: Lonza Mycoalert and Stratagene Mycosensor. Cell growth 

rates and morphology were also monitored for any batch-to-batch changes. KRAS mutant 

status and zygosity (allele frequency) was determined by Illumina exome sequencing as 

described previously (Haverty et al., 2016). Human cancer cell lines were maintained in 

RPMI 1640 media supplemented with 10% FBS (Sigma; F2442). Cells were plated using 

optimal seeding densities in 384-well plates using RPMI, 5% FBS (Sigma F4135), 100 

μg/ml penicillin, 100 units/ml streptomycin (Gibco 15140-122).

METHOD DETAILS

Preclinical trials—MOL4070LTR mutagenesis in Mx1-Cre, Lox-STOP-Lox (LSL)-
KrasG12D mice was performed as described previously on a F1 C57BL/6 x 129Sv/Jae strain 

background (Dail et al., 2010). As described above, primary AML cells (5×106) were 

injected intravenously into 8–12 week old mice that received a sublethal radiation dose (600 

rads). These mice were dosed by oral gavage with control vehicle (0.5% hydroxypropyl 

methylcellulose, 0.2% Tween 80), GDC-0941 (125 mg/kg/day)(Burgess et al., 2014; Dail et 

al., 2014), or PD901 (5 mg/kg/day)(Burgess et al., 2014; Lauchle et al., 2009). A total of 

n=2–3 mice were randomly assigned to control vehicle group and n=3–4 mice were assigned 

to the experimental arms (Table S2). Survival was calculated from four days post-transplant, 
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and mice were euthanized when they appeared moribund. Statistical significance was 

calculated utilizing the log-rank test. Shanghai Chempartner synthesized the PD0325901 

used in AML treatment and validation studies. GDC-0941 is available under materials 

transfer agreement (MTA) from Genentech. Primary murine AML samples are available 

under MTA from UCSF.

Primary AML proliferation assays—Bone marrow cells from moribund transplant 

recipients were plated at 5×104 cells per mL in AML medium, and grown for four days in 

the presence of PD901 or DMSO vehicle control. Viable cell counts were quantified using a 

Vi-CELL Automated Cell Viability Analyzer (Beckman Coulter). Where reported, IC50 

values were calculated from best fit to a fixed slope sigmoidal dose response equation. 

Cultures from each AML line were derived from a minimum of three independent transplant 

recipients and grown in experimental triplicates under the indicated conditions.

Lentiviral transduction experiments—Expression constructs for Gng12-T2A-GFP, 

GFP-K-Ras, and MEK1L115P-T2A-GFP, were cloned into a MSCV promoter based pCDH-

MCS-T2A-copGFP expression vector (System Biosciences). Knockdown experiments were 

performed with the pCDH-LMN-mCherry vector (Burgess et al., 2014). The sequence of 

shKras.54 (TGAATTAGCTGTATCGTCAAGG) was amplified by PCR and cloned into the 

EcoRI and XhoI sites of pCDH-LMN-mCherry. Lentivirus was generated by calcium 

phosphate transfection of 293T cells with pCDH expression vectors and packaging/envelope 

plasmids (psPAX2, pCMV-VSVG). Viral supernatants were collected 48 hours later and 

concentrated using the Lenti-X Concentrator (Clontech). Primary AMLs were harvested and 

plated in AML medium for 12 hours and then spin-infected for two hours at 1500 × g with 

concentrated lentivirus and polybrene at 5 μg/mL. Infected cells were cultured for two days, 

and then sorted to isolate GFP or mCherry positive cells for transplantation into recipient 

animals. For experiments involving unsorted cells, infected cells were plated into short-term 

culture assays or transplanted directly into recipient mice. For the knockdown experiments, 

cells were grown from five independent mice per construct and grown in technical triplicates 

under the indicated condition.

Quantitative PCR—Total RNA was extracted from bone marrow cells isolated from 

secondary transplant recipients using the RNeasy Mini Kit (Qiagen). The indicated mRNA 

was quantified relative to Gapdh using Taqman quantitative PCR probes on an AB7900 

instrument (Applied Biosystems). Experiments were performed with technical triplicates, 

and a representative experiment is shown from at least two experimental replicates for each 

probe.

Kras allele frequency—Genomic DNA and cDNA was prepared from the bone marrows 

of secondary transplant recipients and subjected to PCR utilizing primers designed to murine 

Kras (mmKras.3437F: TGTAAGGCCTGCTGAAAATG and mmKras.3561R: 

TTACAAGCGCACGCAGACT) using Phusion polymerase (New England Biolabs), ligated 

into pCR-Blunt (Life Technologies), and transformed into TOP10 competent cells (Life 

Technologies). Control PCR from templates utilizing DNA from BAC 189 AF 594, which 

includes Kras exon 2 (WT BAC), genomic DNA from heterozygous (LSL)-KrasG12D mice 
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(50% G12D), and heterozygous KrasG12D DNA diluted with WT genomic DNA (10% 

G12D, 25% G12D) was performed for calibration. Transformants were selected on LB-

Kanamycin plates and individual inserts were sequenced with the M13-Forward primer. 

Analysis of the SNP proximal to the MOL4070LTR integration upstream of the Kras locus 

in AML 21B and WT mice was performed utilizing the following primers: MOL4070F: 

AAACCTACAGGTGGGGTCTTTC, KrasMOL4070F: 

AACACCATGACTAAAGCAATGTGG, and KrasMOL4070R: 

TCCCAAAACATCAGACACCTAGAG.

FISH analysis—Bacterial artificial chromosome (BAC) 189 AF 594, which contains the 

mouse Kras gene, was labeled with 5-(3-aminoallyl)-dUTP by nick-translation, followed by 

chemical labeling with amine-reactive Alexa fluor 488 using the Ares DNA labeling kit. 

FISH was performed as described previously (Le Beau et al., 1996). Cells were 

counterstained with 4,6 diamidino-2-phenylindole-dihydrochloride. A minimum of 100 

interphase nuclei and 10 metaphase cells were scored for each sample. Spectral karyotyping 

(SKY) analysis was performed as described previously, and at least 20 metaphase cells were 

examined for each AML (Le Beau et al., 2002).

MOL4070LTR integration cloning—Restriction enzyme digestion of genomic DNA 

from mouse AMLs, gel electrophoresis, Southern blot analysis, hybridization with a 

MOL4070LTR-specific probe was performed as described previously (Burgess et al., 2014; 

Lauchle et al., 2009). Junctional fragments at sites of retroviral integration were identified as 

previously described using linker-based PCR amplification and sequencing (Burgess et al., 

2014; Lauchle et al., 2009).

Western blot analysis—After red cell lysis, bone marrow cells from moribund AML 

transplant recipients were suspended in 1% NP-40 lysis buffer and proteins were separated 

on an 8–16% Criterion TGX Precast Gel (BioRad). Immunoblots were assayed with primary 

antibodies to phosphorylated ERK (#4370, Cell Signaling), total ERK (#9107, Cell 

Signaling), phosphorylated Akt (#4060, Cell Signaling), total Akt (#2920 Cell Signaling), 

phosphorylated MEK (#9154, Cell Signaling), total MEK (#4694, Cell Signaling), K-Ras 

(#WH0003845, Sigma), total Ras (#04-1039, Millipore) or β-Actin (#4967, Cell Signaling) 

and IRDye secondary antibodies (LI-COR Biosciences). Western blots were imaged with an 

Odyssey Imaging System (LI-COR Biosciences).

Competitive repopulation and fitness assays—AML 101 or 101-R cells infected 

with the corresponding lentiviral expression construct were mixed at a 1:1 ratio, and 1×105 

total cells were transplanted into sublethally irradiated recipient animals (n=4 recipients per 

group). After two weeks, bone marrow was harvested, the percentages of GFP and mCherry 

positive cells were determined by flow cytometry, and 1×105 bone marrow cells were 

serially passaged into a second cohort for subsequent analysis at the four-week time point. A 

representative example of at least two independent experiments is shown. To determine if 

PD901 rescued the AML 101-R fitness disadvantage in vivo, 1×106 total labeled cells were 

mixed at a 1:1 ratio, transplanted (n=5 recipients per group), and assayed as above. After 

two weeks, 1×106 total cells were serially passaged into cohorts of mice (n=5 recipients per 
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group) that were treated with vehicle or PD901. To assess the effects of WT Kras expression 

in AML 101, primary cells were infected with lentiviral vectors encoding mCherry, GFP, or 

GFP-K-Ras, cultured for 36 hours to allow protein expression, sorted to purity, and a 1:1 

mix of 2×106 mCherry and GFP-positive cells was transplanted into secondary recipient 

mice (n=4 mice per condition). The input ratio of GFP/mCherry cells was determined after 

36 hours of growth in liquid culture. Ten days post-transplant, bone marrow and spleen were 

harvested and the percentages of GFP and mCherry positive cells were measured by flow 

cytometry. A representative example of at least two independent experiments is shown. To 

measure the effect of WT Kras expression on PD901 sensitivity, AML 101 cells infected 

with GFP, GFP-K-Ras, or MEK1L115P-T2A-GFP were plated in AML medium with 

increasing concentrations of PD901 and the percentage of GFP positive cells was measured 

by FACS after four days. Three technical replicates were performed with each condition, and 

two or more experimental replicates were performed with a single representative experiment 

shown.

Expression profiling—Bone marrow cells were collected from secondary transplant 

recipient mice (n=3 independent mice per AML), subjected to red blood cell lysis, and total 

RNA was extracted using the RNeasy Mini Kit (Qiagen) and hybridized to a Gene 1.0 ST 

array (Affymetrix) according to the manufacturer’s instructions. Sensitive and resistant 

specimens were run in triplicate. Raw data were processed with aroma.affymetrix 

(Bengtsson et al., 2008) and background corrected with RMA followed by quantile 

normalization and summarization using the RMA probe-level model (PLM) to obtain gene-

level summaries. Statistically significant differential expression between sensitive and 

resistant cells was determined with a moderated empirical Bayes approach (Smyth, 2004) 

and multiple hypothesis correction was performed. Significant genes were those with a False 

Discovery Rate (FDR) of <1%.

Whole exome sequence analysis—Genomic DNA was extracted from the bone 

marrows of secondary transplant recipients and then sheared to generate 150 to 200 bp 

fragments using a Covaris S2 focused-ultrasonicator. Indexed libraries were prepared using 

the Agilent SureSelectXT2 Reagent kit for the HiSeq platform. Exomes were captured using 

the Agilent SureSelect XT2 Mouse All Exon bait library. Sample quality and quantity were 

assessed using the 2100 Bioanalyzer instrument. Paired-end 100 bp reads were generated 

using Illumina HiSeq 2000 instrumentation. All sequence data including read alignment; 

quality and performance metrics; post-processing, somatic mutation and DNA copy number 

alteration detection; and variant annotation were performed as previously described (Al-

Ahmadie et al., 2014; Iyer et al., 2012) using the mm10 build of the mouse genome. Briefly, 

reads were aligned with BWA (Li and Durbin, 2009), and processed using Picard tools and 

the Genome Analysis Toolkit (GATK) pipeline (DePristo et al., 2011) followed by base 

quality recalibration and multiple sequence realignment. Somatic point mutations and indels 

were detected with the MuTect (Cibulskis et al., 2013) and Pindel (Ye et al., 2009) 

algorithms respectively. Candidate mutations were manually reviewed using IGV (http://

www.broadinstitute.org/igv/). Resistant tumor-specific DNA copy number alterations were 

inferred from a ratio of exome-wide aligned coverage between MEK inhibitor-resistant and 

sensitive samples. Loss of heterozygosity analysis was performed from germline 

Burgess et al. Page 15

Cell. Author manuscript; available in PMC 2018 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.broadinstitute.org/igv/
http://www.broadinstitute.org/igv/


heterozygous and homozygous SNPs called at a depth of 14× or greater in the treatment-

naïve and resistant specimens with UnifiedGenotyper in GATK.

In vitro human cell line drug treatment experiments—Optimal seeding densities 

were established for each cell line in order to reach 75–80% confluence at the end of the 

assay. The following day, cells were treated with various compounds using a six point dose 

titration scheme. After 72 hours, cell viability was assessed using the CellTiter-Glo® 

Luminescence Cell Viability assay. Absolute inhibitory concentration (IC) values were 

calculated using four-parameter logistic curve fitting. In vitro human cell line drug treatment 

experiments were performed by gCell, Genentech’s cell line screening facility. For these 

experiments, three to four independent biological replicates were produced. For the HCT116 

CRISPR/Cas9 derived clones, three experimental replicates were performed that included 

HCT116 CRISPR clones #3, #14, and #20 and the parental line HCT116, and two of these 

experimental replicates also included heterozygous clone #32. At least two technical 

replicates were plated per condition per experiment. Representative IC50 curves from one 

experiment are shown for each drug. However, average IC50 values from the experimental 

replicates are represented in the corresponding dot plots. Compounds (GDC-9073 

(cobimetinib) and GDC-0994) are available under MTA from Genentech.

CRISPR/Cas9 modification of HCT116 CRC cells—CRISPR editing reagents were 

synthesized at Genentech or by Genscript (Piscataway, NJ): the donor sequence including 

KRAS-mutation specific homology arms and a puromycin selection cassette upstream of a 

P2A linker sequence was cloned into the pBlight vector backbone (sequence available upon 

request), and KRAS-specific guide RNA (gRNA) targeting sequence was cloned into 

pUC57-U6-gRNA-EF1α-Cas9-mCherry plasmid (sequence available upon request). 

Plasmids were co-transfected (1:1) in the presence of Genejuice (EMD Millipore, #70967) 

using the reverse transfection method, and the reagents were left for 72 hours to ensure 

maximal transfection efficiency. Cells were then selected with puromycin and after regrowth 

through puromycin selection, were FACS sorted into single-cell-clones into 96-well plates. 

DNA extraction from 96-well plates was performed using the Kingfisher™ Cell and Tissue 

DNA Kit (#97032496), and assessment of efficient donor integration was performed by PCR 

(Taq2X, NEBinc #M0270L). The complete Donor, gRNA, and PCR primer sequences, are 

as follows: Donor Sequence, Puro-G13D KRAS: 

aTATTTTCCCCAGAGATATTTCACACATTAAAATGTCGTCAAATATTGTTCTTCTTTG

CCTCAGTGTTTAAATTTTTATTTCCCCATGACACAATCCAGCTTTATTTGACACTCA

TTCTCTCAACTCTCATCTGATTCTTACTGTTAATATTTATCCAAGAGAACTACTGCC

ATGATGCTTTAAAAGTTTTTCTGTAGCTGTTGCATATTGACTTCTAACACTTAGAGG

TGGGGGTCCACTAGGAAAACTGTAACAATAAGAGTGGAGATAGCTGTCAGCAACT

TTTGTGAGGGTGTGCTACAGGGTGTAGAGCACTGTGAAGTCTCTACATGAGTGAA

GTCATGATATGATCCTTTGAGAGCCTTTAGCCGCCGCAGAACAGCAGTCTGGCTAT

TTAGATAGAACAACTTGATTTTAAGATAAAAGAACTGTCTATGTAGCATTTATGCAT

TTTTCTTAAGCGTCGATGGAGGAGTTTGTAAATGAAGTACAGTTCATTACGATACA

CGTCTGCAGTCAACTGGAATTTTCATGATTGAATTTTGTAAGGTATTTTGAAATAAT

TTTTCATATAAAGGTGAGTTTGTATTAAAAGGTACTGGTGGAGTATTTGATAGTGTA

TTAACCTTATGTGTGACATGTTCTAATATAGTCACATTTTCATTATTTTTATTATAAGG
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CCTGCTGAAAATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGA

CGTCCCCCGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACG

CGCCACACCGTCGACCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAA

CTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGAC

GGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGT

GTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGC

GCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTG

GTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAG

CGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTT

CCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACC

GTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGC

AAGCCCGGTGCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGA

GACGTGGAGGAGAACCCTGGACCTACTgaGtaCaaGctAgtAgtTgtAGGAGCTGGTGAC

GTAGGCAAGAGTGcACtAacTatTcaActaattcagAATCATTTTGTGGACGAATATGATCCA

ACAATAGAGGTAAATCTTGTTTTAATATGCATATTACTGGTGCAGGACCATTCTTTG

ATACAGATAAAGGTTTCTCTGACCATTTTCATGAGTACTTATTACAAGATAATTATGC

TGAAAGTTAAGTTATCTGAAATGTACCTTGGGTTTCAAGTTATATGTAACCATTAAT

ATGGGAACTTTACTTTCCTTGGGAGTATGTCAGGGTCCATGATGTTCACTCTCTGT

GCATTTTGATTGGAAGTGTATTTCAGAGTTTCGTGAGAGGGTAGAAATTTGTATCC

TATCTGGACCTAAAAGACAATCTTTTTATTGTAACTTTTATTTTTATGGGTTTCTTGG

TATTGTGACATCATATGTAAAGGTTAGATTTAATTGTACTAGTGAAATATAATTGTTT

GATGGTTGATTTTTTTAAACTTCATCAGCAGTATTTTCCTATCTTCTTCTCAACATTA

GAGAACCTACAACTACCGGATAAATTTTACAAAATGAATTATTTGCCTAAGGTGTG

GTTTATATAAAGGTACTATTACCAACTTTACCTTTGCTTTGTTGTCATTTTTAAATTT

ACTCAAGGAAATACTAGGATTTAAAAAAAAATTCCTTGAGTAAATTTAAATTGTTA

TCATGTTTTTGAGGATTATTTTCAGATTTTTTTAGTTTAATGAAAATTTACCAAAGT

AAAGACCAGCAGCAGAATGATAAGTAAAGACCTGTAAGACACCTTGAAGGTCATG

GAGTAGAACTTC; gRNA Sequence: 

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA

AAGTGGCACCGAGTCGGTGC; PCR-1 Forward: GCAACCTCCCCTTCTACGAG; 

PCR-1 Reverse: ATCCTCATCTGCTTGGGATG; PCR-2 Forward: 

CGTCTGCAGTCAACTGGAAT; PCR-2 Reverse: AGAATGGTCCTGCACCAGTAA. 

CRISPR-modified HCT116 cells and reagents are available under MTA from Genentech.

Assessment of growth rates of CRISPR-modified HCT116 cells—A Cell Titer-

Glo Luminescent Cell Viability Assay (Promega, Madison, Wisconsin, USA) was used to 

monitor cell total adenosine triphosphate (ATP). Cell lines were seeded in a 96-well flat 

plate in 10% or 0.5% FBS, and after four days Cell Titer-Glo reagent was added to the cells 

for 10 min. ATP was measured using a reporter luminometer. Relative cell viability was 

calculated according to the manufacturer’s instructions. Three experimental replicates were 

performed with two technical replicates for each condition per experiment. A representative 

bar graph from one experiment is shown.

Growth assessment by IncuCyte—CRC cell lines were seeded at 2×103 cells per well 

in 96-well, black-walled, clear-bottomed, tissue culture plates in 150 μL complete growth 
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medium and left to equilibrate at room temperature for 30 minutes before 37°C, 5% CO2 

incubation in the IncuCyteZoom for real-time imaging, with four fields imaged per well 

under 10× magnification every two hours for a total of 96 hours. Data were analyzed using 

the IncuCyte Confluence version 1.5 software, which quantified cell surface area coverage 

as confluence values. IncuCyte experiments were performed in duplicate. Two experimental 

replicates were performed with technical duplicates for each condition per experiment. A 

single representative growth curve is show for each condition.

Ras-GTP assays—Cell were grown in 0.5% FBS and Ras-GTP levels were assessed by 

GTPase Pull-down (Thermo scientific: 16117) using Raf-RBD fused to GST to bind active 

(GTP-bound) Ras. Protein lysates (500 μg) were incubated with 50 μl glutathione resin and 

GST protein binding domains for one hour to capture active small GTPases according to the 

manufacturer’s protocol. After washing, the bound GTPase was recovered by eluting the 

GST-fusion protein from the glutathione resin. The purified GTPase was detected by 

Western blot using specific antibodies supplied in the kit.

Human tumor analysis—The analysis of KRAS mutational status and allelic imbalance 

was performed in a clinical cohort of prospectively sequenced tumor and matched normal 

specimens from 11,870 patients with advanced and metastatic cancers under active clinical 

care at Memorial Sloan Kettering Cancer Center. Characterization is performed in a CLIA-

certified laboratory with MSK-IMPACT (Integrated Mutation Profiling of Actionable 

Cancer Targets), a highly multiplexed capture-based targeted sequencing assay that targets 

and deeply sequences all coding exons of 410 key cancer genes and select introns (Cheng et 

al., 2015). KRAS mutations were called from a median depth of coverage of 793× (549 and 

1020, 25th and 75th percentiles, respectively) from which variant allele frequencies were 

inferred. Tumors of any cancer type harboring one of the following KRAS hotspot mutations 

were considered for analysis: K5, A11, G12, G13, L19, Q22, D33, A59, G60, Q61, K117, 

and A146. Focal amplifications were inferred from a ratio of coverage levels in the tumor 

and matched normal specimens, validated by manual review, and utilized as signed out by 

the clinical laboratory according to the clinical testing procedures approved for use in New 

York state (Cheng et al., 2015). To determine the allelic configuration of each KRAS-mutant 

tumor we inferred total, allele-specific, and integer copy number genome-wide in all 

samples using the FACETS algorithm (ver. 0.3.9) (Shen and Seshan, 2016). We utilized a 

two-pass FACETS implementation whereby a low-sensitivity pass (cval=100) is utilized to 

determine the total copy number log ratio corresponding to diploidy, which we use to 

estimate the overall purity of each tumor specimen and its genome’s ploidy. Then, a high-

sensitivity run (cval=50) is performed to determine gene-level copy number calls. Whole-

genome duplication (WGD) was determined as present in tumors in which more than 50% 

of their tumor genome was of elevated integer copy number (total copy number minus lower 

copy number is greater than two in more than 50% of the genome). KRAS mutant allele 

imbalance was categorized into one of five sources, determined with respect to WGD: 1) 

heterozygous loss of the WT KRAS in diploid genomes (one and zero mutant and WT 

copies) or preceding WGD, 2) copy-neutral LOH (two and zero mutant and WT copies), 3) 

heterozygous loss of WT KRAS after WGD (three and one mutant and WT copies), and 

finally either 4) genomic gain or 5) focal amplification of KRAS mutant allele regardless of 
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ploidy. In cases for which the minor allele copy number could not be determined by 

FACETS, we assigned a minor copy number of zero if the lower limit of the binomial 

confidence interval around the variant allele fraction exceeded the FACETS estimate of 

tumor purity. We verified the robustness of this approach for assessing tumor cell purity and 

KRAS allelic imbalance by using APC allele frequency as an independent marker of the 

percentage of tumor cells in the same CRC samples. Benchmarking FACETS purity 

estimates vs. 2 * APC VAF in colorectal cancers yielded r=0.68, p-value=3e-20. Mutational 

data from prospectively characterized patients with KRAS-mutant tumors will be freely 

available when a description of the entire cohort, genes tested, and major findings are 

published (Zehir et al., submitted).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis was performed with either GraphPad Prism (GraphPad 

Software, Inc.) or the open-source R Statistical Computing software (http://www.r-

project.org/) utilizing the statistical tests described in the text and figure legends. In animal 

experiments, n represents number of animals utilized in each treatment group, and survival 

analysis is represented as a Kaplan-Meier analysis with statistical significance calculated 

utilizing the log-rank test. For primary AML proliferation assays, n represents the number of 

replicate primary cultures, each culture derived from the bone marrow of an individual 

recipient mouse with statistical significance calculated utilizing an unpaired Student’s t-test. 

In the in vivo competitive fitness experiments, n represents the number of animals utilized in 

each condition with statistical significance calculated utilizing an unpaired Student’s t-test. 

In the human cell line experiments, n represents the number of biological replicates per 

condition with statistical significance calculated by a Mann-Whitney test.

DATA AND SOFTWARE AVAILABILITY

Software—The framework for allele-specific copy number analyses utilized here is 

available at https://github.com/mskcc/facets/.

Data Resources—Murine whole-exome sequencing data: The whole-exome data from 

AML 101, 101-R, 21B, and 21B-R have been deposited in the DNA Data Bank of Japan 

(DDBJ) Sequence Read Archive under the accession number ERP002262 and ID codes 

ERS215818, ERS215819, ERS215816, and ERS215817 respectively.

Murine expression data: The Affymetrix expression data from AML 101 and AML 101-R 

have been deposited in the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO) database under ID code GSE92682.

Somatic mutational data from prospectively characterized patients with KRAS-mutant 

tumors is available via the cBioPortal for Cancer Genomics (http://www.cbioportal.org/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Increased oncogenic Kras expression promotes clonal outgrowth of Kras 
mutant AMLs

• Subsequent loss of WT Kras both enhanced fitness and conferred MEK 

dependence

• Mutant KRAS allelic imbalance modulates MAPK sensitivity in colorectal 

cancer cells

• 55% of advanced KRAS mutant cancers exhibit allelic imbalance at the 

KRAS locus
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Figure 1. Response of KrasG12D AMLs to PD901 extends survival and identification of AML 101 
as an exceptional responder
(A) Kaplan-Meier analysis demonstrates longer survival of recipients transplanted with 

KrasG12D AMLs assigned to receive PD901 (p<0.0001 by log-rank test). (B) Survival 

analysis of individual recipient mice identifies AML 101 as a therapeutic outlier. (C) 
Leukemia DNA isolated at death from independent recipient mice transplanted with AML 

101 that were treated with either control vehicle (V, n=3), PD901 (PD, n=3), or GDC-0941 

(GDC, n=2) was digested with HindIII and probed for MOL4070LTR integrations. A 

restriction fragment that is highly enriched in PD901-treated mice is indicated with two 

asterisks. (D) Normalized viable cell counts of KrasG12D AMLs grown in liquid cultures 
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containing increasing doses of PD901 (n≥3 mice per leukemia). (E) Normalized viable cell 

count of AMLs 101 and 101-R in liquid cultures containing a range of PD901 

concentrations (n≥5 independent recipient mice per leukemia). Asterisks indicate 

significantly greater survival of AML 101-R at 0.1, 0.01, and 0.001 μM of PD901 (p<0.05 

by unpaired Student’s t-test). (F) Survival of mice transplanted with AML 101 (black) 

treated with control vehicle (n=3, broken line) or PD901 (n=3, solid line). AML 101-R (red) 

was isolated from PD901-treated mice at relapse, retransplanted, and retreated with vehicle 

(n=3, broken line) or PD901 (n=4, solid line). The sensitivity of AML 101-R to PD901 is 

significantly reduced relative to AML 101 (p=0.019 by log-rank test). (G) AMLs 101 and 

101-R were cultured in saturating amounts of growth factors and 0 – 1.0 μM PD901 for 24 

hours, lysed, and analyzed by Western blot to measure total and phosphorylated (p) MEK, 

ERK, and Akt levels. (H) Quantification of phosphorylated ERK relative to total ERK levels 

from the Western blot data shown in panel G. See also Figure S1; Table S1 and S2.
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Figure 2. Trisomy 6 with KrasG12D duplication in AML 101-R
(A) Copy number analysis inferred from WES data of AMLs 101 and 101-R identifies 

chromosome 6 gain in AML 101-R. Copy number in AML 101-R is shown relative to AML 

101 for murine chromosomes 1–19 from left to right. Red line reflects the inferred 

segmental copy number for each chromosome. (B) RT-PCR analysis showing increased 

expression of chromosome 6 transcripts in AML 101-R (red, n=6) normalized to AML 101 

(black, n=5) (asterisks indicate p-value<0.05 by unpaired Student’s t-test). (C) FISH 

analysis of AML 101 and 101-R with a probe that includes the Kras locus labels two 

chromosome 6 homologs in AML 101 (left panel) and three in AML 101-R (right panel). 

(D) The distribution of Kras FISH signals in AML 101 and 101-R interphase nuclei (n=100 

of each). (E) Kras exon 2 was PCR amplified from genomic DNA, cloned into a shuttling 

vector, and individual transformants were sequenced. Control PCR is shown for calibration. 

Of 83 independent Kras sequences obtained from AML 101, 82 contained the oncogenic 

G12D substitution. By contrast, 57 of 87 individual amplicons sequenced from AML 101-R 

contained the G12D mutation. This allele frequency was stable in AML 101-R cells 

collected from recipient mice after treatment with PD901 or vehicle (n=16/25 in both). (F) 
SNP allele frequency analysis of 129Sv/Jae across the length of murine chromosome 6 in 
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AML 101 (blue) and 101-R (green). The locations of Gng12 and Kras are shown with the 

centromere on the left. Note the breakpoint in AML 101 at the site of the UPD event. See 

also Figure S2; Tables S1 and S2.
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Figure 3. MOL4070 integration promotes expression of KrasG12D in AML 21B
(A) Aligned Kras sequencing reads from WES data of AML 21B (top) and 21B-R (bottom). 

The allele calls for the C>T mutation coding for KrasG12D are shown in red, and those for a 

T>C SNP (K19K) thats differ between the 129Sv/Jae and C57BL/6 strains are shown in 

blue. (B) Allelic expression frequencies of WT and KrasG12D in AML 21B and 21B-R. Kras 
exon 2 was PCR amplified from cDNA generated from amplifying, cloning, and sequencing 

individual cDNA molecules (n=96 per leukemia) made from total bone marrow RNA, 

cloned into a shuttling vector, and individual transformants were sequenced. (C) On the left, 

sequence of PCR products generated from flanking regions of MOL4070LTR integration 

upstream of the Kras locus in AML 21B and the corresponding genomic regions in WT 

129Sv/Jae, C57BL/6, and F1 mice. A vertical line identifies an indel that differs between the 

murine 129Sv/Jae and C57BL/6 strains. The MOL4070LTR integration occurred on the 

129Sv/Jae chromosome 6 homolog, which harbors the KrasG12D allele. The PCR strategy 

for sequencing the SNP proximal to the MOL4070LTR integration is summarized on the 

right. See also Table S1 and S2.
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Figure 4. AML 101 out-competes AML 101-R in vivo, and PD901 treatment abrogates this 
growth advantage
(A) Overview of competitive fitness experiments. (B) AML 101 and 101-R cells infected 

with a lentiviral construct expressing GFP were mixed at a 1:1 ratio with AML 101 

competitor cells labeled with mCherry and transplanted into recipient mice (n=4). These 

mice were euthanized after two weeks and bone marrow was transferred into secondary 

recipients. Flow cytometric analysis reveals outgrowth of mCherry-labeled AML 101 cells 

over time (top panel). By contrast, co-transplanting mCherry and GFP-labeled AML 101 

cells results in stable chimerism (bottom panel). (C) Combined data from all recipients of 

AML 101-R/GFP cells mixed with AML 101/mCherry competitors (asterisks indicate a p-

value<0.001 by unpaired Student’s t-test at the four-week time point). (D) AMLs 101 and 

101-R were labeled with mCherry and GFP reporters, respectively, co-injected into 
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recipients (n=5 recipients per group), and passaged into secondary mice as above in panels 

A and B. Recipients were assigned to receive either control vehicle or PD901 for the first 

two weeks, then either continued on the same treatment or “crossed over” as described in the 

text. The percentages of mCherry and GFP-positive cells in the bone marrow were 

determined by flow cytometry (asterisks indicate a p-value<0.02 by unpaired Student’s t-

test). See also Figure S3; Table S3.
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Figure 5. Modulating Kras expression alters PD901 sensitivity in AML 101 and reduces fitness
(A) RT-PCR showing Kras expression in AML 101-R cells infected with vectors encoding 

shKras.54 (n=3) or control Renilla luciferase (n=4; asterisks indicate a p-value<0.05 by 

unpaired Student’s t-test). (B) Reduced Kras expression in AML 101-R cells infected with 

the shKras.54 vector enhances sensitivity to PD901 relative to control cells infected with a 

shRenilla.713 vector (n=5 independent mice per construct; asterisks indicate a p-value<0.05 

by unpaired Student’s t-test). (C) AML 101 cells expressing mCherry were mixed with cells 

expressing either GFP-K-Ras or GFP and transplanted into recipient mice (n=4 mice per 

condition). Exogenous GFP-K-Ras expression causes depletion of AML 101 cells in the 

bone marrow (BM) and spleens (SP) of recipient mice after 10 days (asterisks indicate a p-

value<0.001 by unpaired Student’s t-test). (D) AML 101 cells expressing GFP only, 

MEK1L115P-GFP, or GFP-K-Ras were grown in increasing concentrations of PD901 and the 

percentage of GFP-positive cells was measured by flow cytometry. AML 101 cells 

expressing MEK1L115P or WT K-Ras are significantly enriched in the presence of 0.01–1.0 
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μM PD901 (asterisks indicate a p-value<0.05 by unpaired Student’s t-test compared to 

control GFP-labeled leukemia cells). (E) Directed bioinformatic analysis demonstrates 

increased expression of genes associated with increased MAPK pathway output and negative 

feedback in AML 101 versus 101-R (n=3 mice per AML).
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Figure 6. KRAS allelic configuration modulates sensitivity to MAP kinase inhibition in CRC cell 
lines
(A and B) Comparison of IC50 values to MEK inhibitors PD901 (panel A, left), GDC-0973 

(cobimetinib; panel A, right), and ERK inhibitor GDC-0994 (panel B) between CRC cell 

lines with <0.6 vs >0.6 KRAS mutant allele frequency in 72 hour cell viability assays. Each 

dot represents a single cell line and depicts the mean of at least three biological replicates. 

Mean +/− standard deviation (SD) of cell lines belonging to each group is plotted. Asterisks 

denote a statistically significant difference by Mann-Whitney test (*p<0.05, **p<0.01). (C) 
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Comparison of KRAS copy number (left) and KRAS mutant mRNA levels (right) between 

CRC cell lines with <0.6 vs >0.6 KRAS mutant allele frequency. Mean +/− standard 

deviation (SD) of cell lines belonging to each group is plotted. Asterisks denote a 

statistically significant difference by Mann-Whitney test (*p<0.05, ***p<0.001). (D) Ras-

GTP levels (left) and proliferation (right) of parental and CRISPR-modified HCT116 cells in 

0.5% FBS. Asterisks denote a statistically significant difference by Mann-Whitney test 

(*p<0.05, **p<0.01, ***p<0.001). (E) Viability of KRASG13D/G13D and KRASG13D/WT 

HCT116 cells that were exposed to PD901 (left) or GDC-0973 (cobimetinib)(right) for 72 

hours. The graphs are representative of data from n=4 independent experiments. (F) IC50 

values of isogenic KRASG13D/G13D (Hom) and KRASG13D/WT (Het) HCT116 cells that 

were exposed to PD901 (left) or GDC-0973 (cobimetinib)(right) for 72 hours (n=4 

independent experiments). Asterisks denote a statistically significant difference by Mann–

Whitney test (***p<0.001). See also Figures S4–6; Table S4.
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Figure 7. Allelic imbalance in human cancers with KRAS mutations
(A) Left: allelic imbalance in 55% of 1,168 primary KRAS-mutant tumors across 30 cancer 

types. Of these, 67% are diploid with the remainder exhibiting whole-genome duplication 

(WGD). Right: the genetic mechanisms underlying KRAS allelic imbalance are compared 

based on tumor ploidy (diploid vs. WGD) and histology (colorectal vs. lung adenocarcinoma 

vs. pancreatic). (B) Clonal evolution of AML 101 showing KrasG12D duplication in AMLs 

101 and 101-R, with subsequent loss of the chromosome 6 homolog harboring the WT Kras 
allele in AML 101. AML 101-R may be an evolutionary precursor to the drug sensitive 

clone or may have evolved independently from a common founder. Treatment with PD901 

induces remission by inhibiting AML 101, and selects for the outgrowth of AML 101-R. See 

also Figure S7.
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