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SUMMARY
Mutations can be important biomarkers that influence the selection of specific cancer treatments. We
recently combined mathematical modeling of RAS signaling network biochemistry with experimental cancer
cell biology to determine why KRAS G13D is a biomarker for sensitivity to epidermal growth factor receptor
(EGFR)-targeted therapies. The critical mechanistic difference between KRASG13D and the othermost com-
mon KRASmutants is impaired binding to tumor suppressor Neurofibromin (NF1). Here, we hypothesize that
impaired binding toNF1 is a ‘‘biophysical biomarker’’ that defines other RASmutations that retain therapeutic
sensitivity to EGFR inhibition. Both computational and experimental investigations support our hypothesis.
By screening RAS mutations for this biophysical characteristic, we identify 10 additional RAS mutations that
appear to be biomarkers for sensitivity to EGFR inhibition. Altogether, this work suggests that personalized
medicine may benefit from migrating from gene-based and allele-based biomarker strategies to biomarkers
based on biophysically defined subsets of mutations.
INTRODUCTION

A major unmet problem in cancer medicine involves matching

patients with effective treatments on the basis of their tumor ge-

nomes (Chin et al., 2011; Friedman et al., 2015). Many Food and

Drug Association-approved drugs are initially approved for a

well-defined and narrow set of biomarker mutations and are later

found to be effective on a larger set of biomarker mutations. The

identification of new subsets of patients who benefit from an ex-

isting agent on the basis of tumor genomic data is thus a proven

approach for improving cancer outcomes.

RAS mutations were among the first actionable biomarkers, in

which the presence of a KRAS mutation in a colorectal cancer

(CRC) indicated resistance to treatments that target the

epidermal growth factor receptor (EGFR) (Jonker et al., 2007).

Initiation of EGFR signaling leads to the activation of the three

RAS GTPases (KRAS, NRAS, and HRAS), which in turn promote

the RAF/MEK/ERK mitogen activated protein kinase (MAPK)

cascade that drives cellular proliferation (Figure S1A) (Yarden

and Pines, 2012). Oncogenic RASmutations, which are primarily

found in KRAS and less commonly within NRAS (Figure 1A), are

found in approximately 40% of patients with CRC (Cancer

Genome Atlas and Cancer Genome Atlas Network, 2012; Prior

et al., 2020). Many different mutant alleles have been observed

(Figure 1B). These mutants are typically constitutively active in

the absence of EGFR signals, and the mutants have the ability

to initiate the ERK cascade (Moore et al., 2020).
Ce
This is an open access article under the CC BY-N
Therapeutic monoclonal antibodies that target EGFR, like ce-

tuximab and panitumumab, are approved for the treatment of

CRC (Normanno et al., 2009). Clinical trials have shown that

EGFR inhibitors benefit patients without a RAS mutation, but

not the subset of patients with a RAS mutation (Karapetis

et al., 2008). Thus, patients with a constitutively active KRAS or

NRASmutation are recommended not to receive an EGFR inhib-

itor (Allegra et al., 2009; Jimeno et al., 2009). This relationship ap-

pears consistent with the general principles of EGFR/RAS

signaling and is a paradigm in personalized medicine (Chin

et al., 2011).

However, this relationship between RAS and EGFR inhibition

appears overly simplistic. This first became evident after a retro-

spective analysis of clinical trial data revealed that patients with

the KRAS G13D mutation (which involves a glycine [G] to as-

partic acid [D] substitution at codon 13) benefited from EGFR in-

hibitor treatment (De Roock et al., 2010). Clinical guidelines did

not change because it was unclear whyKRASG13DCRC should

respond differently (Morelli and Kopetz, 2012). Recent studies,

however, have provided a mechanistic basis that explains why

KRAS G13D is sensitive to EGFR inhibition (McFall et al., 2019;

Rabara et al., 2019).

It is possible that other RAS mutations may also indicate pa-

tients with CRC who could benefit from treatment with

EGFR inhibitors (Figure 1C). In our previous work, we combined

computational systems biology approaches that simulate pro-

tein biochemical activities with experimental cell biology to
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B Figure 1. RAS-NF1 interactions are hypoth-

esized to broadly determine whether a RAS

mutant CRC is sensitive to EGFR inhibition

(A) The distribution of RAS mutations between

KRAS, NRAS, and HRAS within CRC.

(B) The different KRAS and NRAS mutations that

have been observed in CRC.

(C) The establishment of KRAS G13D as an EGFR

inhibitor-sensitive mutation necessitates the

determination of whether patients with other

KRAS and NRAS mutations may also benefit from

treatment with EGFR inhibitors (EGFRi).
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uncover the mechanism that explains KRAS G13D CRC sensi-

tivity to EGFR inhibitors (McFall et al., 2019). Importantly, we

found that a single biophysically measurable parameter, the af-

finity of the RAS mutant protein for Neurofibromin (NF1), was

the critical property that determined sensitivity or resistance for

cancer cells with one of the three most common KRAS mutants

(G12D, G12V, and G13D). That work revealed that levels of GTP-

bound, active, wild-type (WT) RAS decrease upon EGFR inhibi-

tor treatment only within cells with the G13D mutant that binds

NF1 poorly (Figures S1B and S1C).

Our work on KRASG13D led us to speculate that a biophysical

biomarker, the binding strength between a RASmutant and NF1,

may be able to classify whether other RASmutations are likely to

indicate sensitivity of a CRC to EGFR inhibition. To investigate,

we first apply our computational model of RAS signaling to six

NRAS mutants with available NF1 affinity data. Our model sug-

gests, and we experimentally confirm, that two of the six should

be sensitive to EGFR inhibition. We then empirically screen addi-

tional KRASmutant isogenic cells and identify three more EGFR

inhibitor-sensitiveKRASmutants.We find that each of thesemu-

tants has impaired NF1 binding, and we also find that cells with

these mutants show reduced WT RAS-GTP upon EGFR inhibi-

tion. We use our computational model to show that reduced

net interactions with NF1 are necessary for a RAS mutant cell

to show sensitivity to EGFR inhibition. We then characterize

the ability of an additional 12 KRAS mutant proteins to bind

NF1, and we identify 5 more with impaired binding to NF1. Our

assays also find that sensitivity and resistance correlate well

with NF1 binding for these mutants. In total, our study identifies

10 additional RAS mutations that appear to be biomarkers for

CRC cell sensitivity to EGFR inhibition. Overall, this study dem-
2 Cell Reports 37, 110096, December 14, 2021
onstrates the power of the mechanism-

based systems biology approach as a

tool to drive progress in personalized

cancer medicine.

RESULTS

Modeling identifies additional RAS
mutants that are sensitive to EGFR
inhibition
Our previous work utilized a mathemat-

ical model of RAS signaling that includes

guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs), effector proteins

that bind specifically to RAS-GTP, as well as WT and mutant

RAS proteins (Figure 2A). The model includes GEF-driven (net)

conversion of RAS-GDP to RAS-GTP, GAP-driven conversion

of WT RAS-GTP to RAS-GDP, RAS-effector binding and unbind-

ing, spontaneous GTP hydrolysis by RAS that occurs indepen-

dently from GAPs, and spontaneous nucleotide dissociation

and association that occurs independently from GEFs. General

patterns of WT and mutant RAS signaling can be explained in

terms of these processes, and the details of this model have

been thoroughly described in multiple previous publications

(McFall et al., 2019; Stites and Ravichandran, 2012; Stites and

Shaw, 2018; Stites et al., 2007). The model has led to multiple

prospective predictions about RAS biology that have been

experimentally and reproducibly verified (McFall et al., 2019;

Stites et al., 2007, 2015).

Our previous simulations of G13D-, G12V-, and G12D-tailored

versions of the model suggested that although mutant RAS-GTP

levels were essentially unchanged when networks with any of

these three mutants underwent EGFR inhibition, that WT RAS-

GTP levels would fall more precipitously for G13D- than for

G12D- and G12V-containing networks (McFall et al., 2019).

This suggested WT RAS-GTP levels were the critical variable

that could explain diverging response patterns, and we experi-

mentally confirmed this prediction. We also found that impaired

binding to NF1 was the critical parameter that determined

whether the network with the RAS mutant would be sensitive

to modeled EGFR inhibition. Here, we hypothesize that reduced

binding to NF1 may be a feature of other RAS mutants and that

mutants with reduced binding to NF1 may be sensitive to EGFR

inhibition.
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Figure 2. Computational predictions of the sensitivity of NRAS codon 61 mutations to EGFR inhibition and experimental confirmation of

predicted sensitivities

(A) Schematic of the RAS model.

(B) Reported relative change in the NF1 interaction Km for NRASmutants, and RASmodel prediction for EGFR inhibitor (EGFRi) sensitivity based on this Km value.

(C) Drug dose-response MTT assays for SW48 isogenic cells harboring the indicated RAS mutations. Data represent the mean ± SD (n = 8).

(D) Colony formation assays for SW48 isogenics treated (or not) with cetuximab.

(E) Colony formation assays for SW48 isogenic cells treated (or not) with EGF.

(F) EGFR inhibitor resistance assays. Data are means ± SD (n = 8). Significance was determined with *p < 0.01. Statistical significance was computed with one-

way ANOVA followed by the post hoc Tukey test for multiple comparisons.

(G) RBD-IEF RAS activation assays for NRAS SW48 isogenics treated with cetuximab.

(H) Computational and experimental analyses both suggest that impaired binding to NF1 by a RASmutant implies sensitivity of colon cancer cells with that mutant

to EGFR inhibition, and also suggest that sensitivity follows from reductions of WT RAS-GTP upon EGFR inhibitor treatment.

(C) through (G) are each representative of three independent experiments.
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To investigate, we searched the literature for reports of RAS

mutant proteins that bind poorly to NF1, the RAS GAP with a

clear role in maintaining low levels of WT RAS-GTP and for which

loss-of-function mutations have a clear driver role in cancer

(Kiuru and Busam, 2017). Most biophysical studies that charac-

terize the interaction between RASmutants and RAS GAPs have
focused on the p120 RAS GAP coded by RASA1 (Hunter et al.,

2015; Wey et al., 2013). We found one study that considered

six codon 61 NRAS mutations and their binding to NF1 and to

p120 RAS GAP (Donovan et al., 2002). Interestingly, affinity

levels for p120 RAS GAP do not correlate with those for NF1.

Two of the six NRAS mutants, Q61K and Q61R, were reported
Cell Reports 37, 110096, December 14, 2021 3
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to have significantly reduced binding to NF1 (�553 and �403

weaker binding, respectively) (Figure 2B). This reduction was

not as strong as KRAS G13D, for which a different group de-

tected no binding to NF1 (Gremer et al., 2008), and which we

approximated with a 1003 reduction in the RAS-NF1 affinity

(McFall et al., 2019). We extended our model to include these

codon 61 mutations and simulated our model to determine

whether the reported magnitude changes in NF1 binding may

result in sensitivity to EGFR inhibition (Figure S2A). The model

suggested that the two RAS mutants with the lowest affinity

values toward NF1 (Q61K and Q61R) have a similar level of

sensitivity to EGFR inhibition as the G13D mutant (McFall

et al., 2019). In contrast, the other mutants showed a response

to EGFR inhibition that was more like the resistant G12D and

G12V RAS mutants. Additionally, the model suggested that

levels of WT RAS-GTP would fall the most in Q61K- and

Q61R-containing cancer cells and that therewould be no change

in mutant RAS-GTP for any of the mutants.

Experiments confirm NRAS Q61K and NRAS Q61R cells
are sensitive to EGFR inhibition
We tested these predictions experimentally. We obtained NRAS

mutant allele isogenic colon cancer cell lines derived from SW48

cells. These isogenic cells have been previously developed and

utilized; they express the RAS proteins at similar levels between

isogenic lines, express WT NF1, and are commercially available

(De Roock et al., 2010; Hood et al., 2019; Mageean et al., 2015).

There are four such NRAS mutant lines available, which are

respectively heterozygous for NRAS Q61L, Q61H, Q61K, and

Q61R. Thus, these cells allowed for us to test two mutants pre-

dicted to be sensitive and two predicted to be resistant. We per-

formed cetuximab dose-response experiments on these cells

along with KRAS G13D, G12V, and WT isogenics as controls.

We observed NRAS Q61K and Q61R cells to show dose-depen-

dent inhibition of proliferation at a level consistent with WT and

KRAS G13D isogenic cells (Figure 2C). In contrast, NRAS

Q61H and Q61L cells showed resistance to cetuximab at all

doses, like KRAS G12V cells. We also observed reductions in

phosphorylated ERK levels upon cetuximab treatment for the

sensitive NRAS Q61K and Q61R cells, but not the Q61L and

Q61H cells (Figure S2B).

To test long-term cetuximab sensitivity, we performed 4-week

colony formation assays. We observed that NRAS Q61L, NRAS

Q61H, and KRAS G12V isogenic cells formed colonies in the

presence of cetuximab. In contrast, NRAS Q61K, NRAS Q61R,

KRASG13D, andWT isogenic cells produced a reduced number

of colonies (Figure 2D). To confirm that the observed pattern of

sensitivity followed from EGFR signaling, we also performed a

colony formation assay in serum-depleted media supplemented

with or without EGF. NRASQ61L,NRASQ61H, and KRASG12V

showed colony growth in the absence of EGF where NRAS

Q61K, NRAS Q61R, KRAS G13D, and WT isogenics showed

decreased colony formation in the absence of EGF (Figure 2E).

To confirm our findings with an orthogonal method, we evalu-

ated whether the introduction of these mutants could cause

parental (WT) SW48 cells to become resistant to cetuximab.

For this resistance assay, parental SW48 cells were pretreated

with cetuximab for 24 h and then transfected with an equal
4 Cell Reports 37, 110096, December 14, 2021
amount of construct for mutant RAS or WT RAS. We then evalu-

ated proliferation after an additional 48 h of growth in the pres-

ence of cetuximab. We found that NRAS Q61L, NRAS Q61H,

and KRAS G12V all significantly increased proliferation, while

NRAS Q61K, NRAS Q61R, and KRAS G13D did not (Figures

2F and S2C).

NRASQ61K and Q61R cells treated with EGFR inhibitors
display reduced WT RAS-GTP
In our previous study of KRAS G13D, we demonstrated that

sensitivity to cetuximab followed from reductions in WT RAS-

GTP (HRAS and NRAS), but not in the mutant KRAS-GTP. Simi-

larly, our computational model suggests that WT RAS-GTP

levels should drop more in the Q61K and Q61R cells than in

Q61L and Q61H cells (i.e., Figure S2A). To test this experimen-

tally, we measured RAS activation in the presence or absence

of cetuximab. We first performed RAS binding domain (RBD)

pull-down to isolate GTP-bound RAS. We then separated

RAS-GTP into KRAS, NRAS, and HRAS fractions with isoelectric

focusing (IEF) using a protocol we developed and reported pre-

viously (RBD-IEF) (McFall et al., 2019).We detected reductions in

WT RAS-GTP (KRAS and HRAS) within NRAS Q61K and Q61R

isogenic cells, but we detected no significant changes in

KRAS-GTP and HRAS-GTP within NRAS Q61L and Q61H cells

(Figures 2G and S2D). There were no significant changes in

NRAS-GTP after treatment for any of the NRAS mutant cells.

Depletion of RAS-GTP by cetuximab in these experiments also

resulted in decreased phospho-ERK, showing inhibition of the

canonical MAPK pathway (Figure S2E).

The biophysical data we utilized in our model described a

reduced affinity of NF1 for mutant NRASQ61R andQ61K relative

to NRAS WT, Q61L, and Q61H. These differences are critical for

our predictions andourmechanism; for example, the substitution

of the affinity of NRASWT towardNF1 is sufficient to eliminate the

computationally predicted sensitivity to EGFR inhibition (Fig-

ure S2F). Therefore, we desired to determine whether we could

reproduce the previously described differences in NF1 affinity.

We first evaluated interaction strength by performing an NF1

co-immunoprecipitation (coIP) assay.We have previously shown

G12V to bind NF1 well and G13D to be impaired in NF1 binding

(McFall et al., 2019, 2020), and we used these mutants as posi-

tive and negative controls. We observed that NF1 strongly pulls

down KRAS G12V, NRAS Q61H, and NRAS Q61L. Both NRAS

Q61K and Q61R showed reduced binding to NF1 when

compared to the other mutants, whereas KRAS G13D showed

little binding (Figures S2G and S2H).

We also investigated NF1 binding within cells by biolumines-

cence resonance energy transfer (BRET). We observed

decreased BRET signal for NRAS Q61K, NRAS Q61R, and

KRAS G13D relative to NRAS Q61L, NRAS Q61H, KRAS

G12D, and KRAS G12V (Figures S2I and S2J). We validated

the specificity of our assay by utilizing Flag-tagged KRAS pro-

teins, which do not produce a BRET signal (Figure S2K) (McFall

et al., 2020), in experiments that evaluated competition for bind-

ing to NF1 (Figures S2L and S2M). Overall, our studies on codon

61 NRAS mutants validate our assertion that RAS mutants with

impaired binding to NF1 are less effective at promoting resis-

tance to EGFR inhibitors (Figure 2H).
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Orthogonal methods confirmmutant-specific sensitivity
to EGFR inhibition
We next investigated whether other EGFR inhibitors show a

similar pattern of sensitivity and resistance for the NRAS geno-

types. We find Q61K and Q61R cells to be sensitive to the

EGFR inhibitors erlotinib and panitumumab, and Q61L and

Q61H cells to be resistant (Figure S3A). We then treated three

different NRAS codon 61 isogenic cells with EGFR small inter-

fering RNA (siRNA) and/or erlotinib. We observed reduced

EGFR phosphorylation for both EGFR inhibition and EGFR

knockdown in all three NRAS genotypes tested (Figure S3B).

We observed both perturbations to cause reduced proliferation

of Q61K and Q61R cells and to cause no change for Q61L cells

(Figure S3C). We also observed reduced ERK phosphorylation,

KRAS-GTP, and HRAS-GTP in the Q61K and Q61R cells, but

not in the Q61L cells (Figures S3B and S3C). Altogether, these

experiments suggest that RAS mutant-specific sensitivity is

dependent on EGFR signaling, regardless of the class of EGFR

inhibitor. This is consistent with previous observations about

KRAS G13D and EGFR inhibition (McFall et al., 2019, 2020; Ra-

bara et al., 2019).

Orthogonal methods confirm that mutant-specific
sensitivity to EGFR inhibition depends on NF1 activity
and on WT RAS-GTP suppression
We investigated the effect ofNF1 knockdown on the response to

cetuximab (Figures S3D and S3E). We observed that reduced

NF1 expression resulted in a loss of sensitivity to cetuximab for

the NRAS Q61K and Q61R SW48 cells as measured by prolifer-

ation, RAS-GTP levels, and ERK phosphorylation. This suggests

that NF1 activity is required for sensitivity to cetuximab. This is

consistent with our previous studies of KRASG13D CRC (McFall

et al., 2019, 2020) and with similar, independent, contempora-

neous results from the National Cancer Institute (NCI) RAS Initia-

tive’s investigation into the sensitivity of KRAS G13D CRC to

EGFR inhibition (Rabara et al., 2019). Additionally, we found

that siRNA-mediated knockdown of NF1 in cetuximab-resistant

SW48 NRAS Q61L cells caused no observable change in RAS-

GTP levels, ERK phosphorylation, or proliferation.

Empirical screening of isogenic cells identifies
additional EGFR inhibitor-sensitive KRAS mutants that
are also poor NF1 binders
We speculated that there are more RAS mutants that are sensi-

tive to EGFR inhibition by this samemechanism.We investigated

this hypothesis empirically by obtaining the then remaining

commercially available members of the KRAS mutant SW48

isogenic panel: KRAS G12C, G12R, G12S, and A146T. We eval-

uated each for sensitivity to cetuximab. We observed a dose-

dependent reduction in proliferation in G12C, G12R, and G12S

cells, while cells with the fast cycling A146T mutant (Poulin

et al., 2019) showed complete resistance to EGFR inhibition by

cetuximab (Figure 3A). We also observed reduced colony forma-

tion for G12S, G12R, and G12C cells, but not for A146T cells,

when grown in cetuximab and when grown in the absence of

EGF (Figure 3B).

To determine whether the sensitivity of these RASmutant cells

to EGFR inhibition follows from reductions in WT RAS-GTP, we
treated the cells with cetuximab and performed RBD-IEF (Fig-

ures 3C, S3F, and S3G). We observed reductions in HRAS-

GTP, NRAS-GTP, and total RAS-GTP in G12C, G12S, and

G12R isogenics, but these reductions were statistically signifi-

cant only in theG12C andG12S cells.We also observed reduced

ERK phosphorylation in the G12C, G12S, and G12R cells treated

with cetuximab, but not the A146T cells (Figures S3H and S3I).

We investigatedhowwell eachof theseKRASmutants bound to

NF1. We observed that KRAS G12R, G12S, and G12C all had

reduced affinity to NF1 when compared to KRAS G12V and

A146T when assessed by NF1 coIP (Figures 3D and S3J) and

whenassessedbyBRET (Figure3E).Wenote thatG12Rappeared

more impaired by coIP than by BRET, but it displayed reduced

binding to NF1 by both approaches. We also investigated the ef-

fect of NF1 knockdown on EGFR inhibitor-sensitive KRAS G12R

and G12S cells (Figures S3K and S3L). We observed that reduced

NF1expression resulted ina lossof sensitivity tocetuximabaswell

as a loss of reductions in RAS-GTP and phosphorylated ERK

levels. This is consistent with our observations on EGFR inhibi-

tor-sensitive NRAS mutant cells. Overall, the RAS mutants found

in these EGFR inhibitor-sensitive cells had weakened binding to

NF1 and showed reduced WT RAS-GTP on EGFR inhibition,

consistent with our motivating hypothesis (Figure 3F).

Modeling suggests that WT RAS-GTP reductions from
EGFR inhibition imply reduced RAS mutant binding to
RAS GAPs
The sensitivity of KRASG13D CRC to EGFR inhibition perplexed

clinicians and cancer biologists for nearly a decade. Two recent

studies confirmed the sensitivity but explained it with slightly

different mechanisms (Figure 4A). The mechanism that we

advanced and build on here (mechanism 1) requires a consider-

ation of both mutant and WT RAS (McFall et al., 2019). We

demonstrated that KRAS G13D, unlike the two most common

KRAS mutants (G12D and G12V), is impaired at binding to the

RAS GAP NF1. As G12D and G12V are NF1 insensitive (no kcat
for the conversion of mutant RAS-GTP to mutant RAS-GDP by

NF1), their interaction with NF1 does not alter mutant RAS-

GTP levels. However, their interaction with NF1 does sequester

NF1 away from WT RAS-GTP, which shifts the dynamic equilib-

rium between WT RAS-GTP and WT RAS-GDP toward

increased WT RAS-GTP. As G13D binds poorly to NF1 (i.e.,

the interaction is characterized by a high Km), NF1 is

not sequestered into nonproductive complexes with the G13D

mutant, and NF1 can therefore maintain low levels of WT RAS-

GTPwhen EGFR is not driving RAS-GTP production. In contrast,

mechanism 2 proposes that KRAS G13D retains sensitivity to

NF1-mediated GTP hydrolysis (i.e., retains a high kcat on the

same order of magnitude as WT RAS-GTP) (Rabara et al.,

2019). The authors of that study propose that KRAS G13D is

therefore EGFR dependent for GTP loading and that EGFR inhi-

bition results in reduced KRAS G13D-GTP. The mechanism 2

study did not address or investigate WT RAS-GTP signaling.

We utilized our computational model of the RAS signaling dy-

namic equilibrium to evaluate both hypotheses. We modeled

mechanism 2 with the reported NF1:G13D kcat from that study,

and we utilized the same parameters we used previously to

model KRAS G13D to model mechanism 1. Simulations find
Cell Reports 37, 110096, December 14, 2021 5
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B Figure 3. Isogenic cell line-based empiric

screening finds three KRAS mutants that

indicate sensitivity to EGFR inhibition,

each of which supports the reduced NF1-

binding and WT RAS-GTP level mechanism

(A) Drug dose-response assays for KRAS A146T,

G12C, G12R, and G12S SW48 isogenic cells. Data

represent the mean ± SD (n = 8).

(B) Colony formation assays for SW48 isogenics

treated (or not) with cetuximab (top) and treated (or

not) with EGF (bottom).

(C) RBD-IEF RAS activation assays for SW48

isogenics treated with cetuximab.

(D) NF1 co-immunoprecipitation (coIP) assay for

NF1with KRASG12V, A146T, G12S, G12R, G12C,

and KRAS G13D.

(E) BRET measurements of interactions between

NF1 and RAS. Data represent the BRET ratio ± SD

from eight biological replicates (n = 8).

(F) Empirical screens to find EGFR inhibitor (EG-

FRi)-sensitive RAS mutant genotypes suggest

EGFR inhibitor sensitivity implies impaired binding

of that RAS mutant to NF1, and implies that the

sensitive cell displays reductions in WT RAS-GTP

upon EGFR inhibition.

(B) through (E) are each representative of three

independent experiments. CTX, cetuximab; NA,

not applicable; Ctrl, control; WCL, whole cell

lysate; PI, isoelectric point.
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that both mechanisms would result in reduced total RAS-GTP

upon EGFR inhibition (Figure 4B). One notable difference is

that mechanism 1 (high Km) has the G13D mutant being consti-

tutively active, while mechanism 2 (high kcat) would not be suffi-

cient to cause the G13D mutant to be constitutively active.

Additional differences between the two mechanisms become

evident when mutant RAS-GTP levels are considered. Modeling

mechanism 1 finds essentially no change in the quantity of mutant

RAS-GTP with EGFR inhibition, whereas modeling mechanism 2

finds a large change inmutant RAS-GTP levels upon EGFR inhibi-

tion (Figure 4C). Thus, themeasurement of change inmutantRAS-

GTP levels can distinguish between the two mechanisms.

With regard toWTRAS-GTP levels, bothmechanism 1 andmech-

anism 2 suggest reductions in wild-type RAS-GTP levels that are

larger than observed for KRASG12V and KRASG12D (Figure 4D).

OurpreviousexperimentalworkonKRASG13DCRCobserved re-

ductions in WT RAS-GTP but not mutant RAS-GTP (McFall et al.,

2019, 2020), providing strong evidence for mechanism 1.

We asked whether there may be other mechanisms that could

also cause reductions in WT RAS-GTP in a constitutively active

RAS mutant cell treated with an EGFR inhibitor. To investigate,

we returned to our computational model (Figure 4E). To search

for mutants with other possible mechanisms of sensitivity, we
6 Cell Reports 37, 110096, December 14, 2021
created 3 million different computational

RAS mutants. Each RAS mutant can be

specified by how each of the 12 indepen-

dent RAS reaction parameters differs ra-

tiometrically from WT RAS (Stites et al.,

2015) (Figure S4A). These mutants sam-

ple the space of potential RAS mutant
biochemistries. Although we cannot map individual computa-

tional mutants to a specific RAS mutation, this approach allows

us to determine what behaviors could potentially be displayed by

RASmutations. This may be thought of as somewhat analogous,

and complementary, to experimental methods that sample

different single amino acid substitution mutants to explore the

space of potential RAS mutations (Bandaru et al., 2017).

Weconsidered thebehavior ofRASmutants from three different

sets of 1 million computational random RAS mutants, each set

sampling an additional order-of-magnitude range of both upward

and downward fold-change variation for all of themodel’s RAS re-

action free parameters. Within each set, we considered computa-

tional randomRASmutants thatwereconstitutivelyactiveata level

similar toKRASG13D,G12D, andG12Vunder conditionswith and

without EGFR stimulation, and with a similar net change in total

RAS-GTP between modeled stimulated and unstimulated condi-

tions. We then simulated full EGFR inhibitor dose responses for

all of these mutants and identified the dose responses that dis-

played a reduction in WT RAS-GTP that was approximately the

same as computationally observed for KRAS G13D. We then

investigated the parameters of all of these mutants to determine

whether mechanisms other than an elevated NF1:RAS Km could

cause this pattern of RAS activation.
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Figure 4. Computational modeling suggests a reduction in WT RAS-GTP upon EGFR inhibition implies impaired NF1 binding and EGFR

inhibitor sensitivity

(A) Schematics presenting two different proposed mechanisms to explain how KRAS G13D CRCs respond to EGFR inhibitors (EGFRi).

(B) Computational simulations of EGFR inhibition for both mechanism 1 (red) and mechanism 2 (purple). Simulated dose responses of RAS G12V (green), G12D

(blue), and WT (black) are provided for comparison. The proportion of total RAS (WT and mutant) that is bound to GTP is the model output.

(C) Computational simulations, as in (B), but with the model output limited to the proportion of mutant RAS that is bound to GTP.

(legend continued on next page)
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When we evaluated the first set of 1 million mutants, where

each parameter was within an order of magnitude increase or

decrease from WT RAS, we found that all mutants that showed

WT RAS-GTP reductions at a level comparable to G13D upon

EGFR inhibition had an elevated Km (Figure 4F). The other pa-

rameters had a much wider range of values, suggesting that

Km was the parameter that needed to be within a certain range

for EGFR inhibitor sensitivity. Additionally, all of these mutants

that resulted in WT RAS-GTP sensitivity to EGFR inhibition also

resulted in overall sensitivity to EGFR inhibition, as evaluated

by total (mutant and wild-type) RAS-GTP (Figure S4B). When

we evaluated the mutants with larger magnitude changes in

parameter values, we again observed that an elevated Km

caused sensitivity to EGFR inhibition through WT RAS-GTP re-

ductions (Figure S4C). As the parameters grew, we encountered

some mutants that did not show an elevated Km but did show

reduced WT RAS-GTP upon EGFR inhibition. On further inspec-

tion, we observed that all of thesemutants had large increases in

the affinity of the RAS mutant for its effectors (Figure S4D).

Although not initially anticipated, this finding is consistent with

reduced NF1 binding; a RASmutant that bindsmore tightly to ef-

fectors is less able to bind and competitively inhibit NF1. Thus,

our simulations with computational random RAS mutants that

sampled increasingly broad portions of parameter space sug-

gest that reduction of WT RAS-GTP upon EGFR inhibition im-

plies that the RAS mutant has impaired NF1 binding, and this

also implies that a cell with such a RAS mutant is sensitive to

EGFR inhibition (Figure 4G).

BRET screens identify additional RAS mutants that are
poor NF1 binders
Our studies suggest that a CRC cell with a RAS mutant protein

that has impaired binding to NF1 will be sensitive to EGFR inhi-

bition (Figure 5A). Thus, it should be possible to screen RAS mu-

tants for how strongly they bind to NF1 as an approach to infer

which indicate sensitivity to EGFR inhibition. We utilized our

NF1-RAS BRET protocol to screen 12 of the most common mu-

tants we had not yet studied (A59E, D33E, G13R, G12F, G12A,

K117N, G13C, T35S, R68S, G12P, G12Y, and A146V) (Cancer

GenomeAtlas andCancer GenomeAtlas Network, 2012; Cerami

et al., 2012; Sondka et al., 2018), and we identified 5 additional

mutants that showed reduced NF1-RAS binding: G13R, G12F,

G12A, G12P, andG12Y (Figures 5B, S5A, and S5B). CoIP assays

with the same 12 mutants found that the same 5 mutants do not

bind well to NF1 (Figures 5C and S5C).

We next evaluated each of these mutants with our cetuximab

resistance assay. We observed that G13R, G12F, G12A, G12P,

and G12Y showed no difference in proliferation when compared

toWT KRAS, like KRAS G13D and mock transfected conditions.
(D) Computational simulations, as in (B), but with the model output limited to the

(E) Schematic displaying the computational approach to search for alternative me

RAS-GTP reduction at levels approximately the same as found when G13D para

(F) Values from all of the parameter sets that resulted in EGFR sensitivity through

presented normalized to the value of the same parameter in WT RAS-GTP. Whisk

NF1 and a modeled RAS mutant (k_7) is indicated in red. Parameter definitions a

(G) Computational screens suggest that a reduction in WT RAS-GTP upon EGFR i

RAS mutant has a reduced Km for NF1.
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Each of the other mutants showed a significant gain in prolifera-

tion (Figures 5D and S5D). These data reflect the pattern of resis-

tance and sensitivity suggested by our NF1 interaction data.

Comparison of the normalized mean effect size in BRET signal,

the NF1 coIP intensity, and the cetuximab-rescue proliferation

index for all 12 mutants showed strong, statistically significant,

correlations between all three measures (Figure 5E). This sug-

gests that the impairments we measure in binding to NF1 are

not strongly dependent on the specific assay or specific condi-

tions of the test.

Validation of EGFR inhibitor-sensitive RAS mutants in
additional model systems
Our prior experimental data utilized SW48 heterozygous RAS

mutant isogenic cells. To evaluate generalizability, we obtained

four colon cancer cell lines that harbored a RAS mutation we

found to be a biomarker for sensitivity to EGFR inhibition and

two colon cancer cell lines with a RAS mutation we found to

be a biomarker for resistance (Figure 6A). Of note, all six cell lines

are NF1 WT (Barretina et al., 2012). We observed cetuximab to

cause a strong reduction in growth in LS123 (KRAS G12S),

SW1116 (KRAS G12A), and SW837 (KRAS G12C) cells, consis-

tent with our observations in SW48 cells (Figure 6B). Also in

agreement with our work on SW48 cells, LS1034 (KRAS

A146T) and SW948 (KRAS Q61L) did not respond to cetuximab

at any dose. Of note, SW1463 (KRAS G12C) cells were resistant

to cetuximab, in contrast to the SW837 (KRAS G12C) and SW48

KRAS G12C isogenic cells. We believe this is due to the fact

these cells are homozygous for KRAS G12C.

We next performed colony formation assays for all of these

cells (Figure 6A). We found that LS123, SW1116, and SW837

were sensitive to cetuximab, but LS1034, SW948, and

SW1463 were not. We also tested the long-term effects of EGF

depletion on these cells, and we observed that LS123,

SW1116, and SW837 relied on EGF for colony formation but

LS1034, SW948, and SW1463 did not.

We next tested to see whether cetuximab treatment resulted

in reduced WT RAS-GTP within these cell lines. RBD-IEF re-

vealed statistically significant reductions in WT RAS-GTP

(HRAS and NRAS) and total RAS-GTP in the LS123, SW116,

and SW837 cells (Figures 6C, 6D, and S6B). In contrast, the

cell lines that showed normal growth under cetuximab treat-

ment showed no reductions in WT RAS-GTP. Importantly, the

G12C homozygous SW1463 cells that were resistant to cetux-

imab also showed no change in WT RAS-GTP levels upon ce-

tuximab treatment. We hypothesize that the increased dosage

of KRAS G12C may overcome the reduced affinity and allow

for NF1 competitive inhibition that in turn results in an elevated

level of total WT RAS-GTP.
proportion of WT RAS that is bound to GTP.

chanisms of RAS mutant network sensitivity to EGFR inhibition that involve WT

meters are utilized.

WT RAS-GTP reduction without mutant RAS-GTP reduction. Parameters are

ers span fromminimum to maximum values. The Km of the interaction between

re provided in Figure S4A.

nhibition implies both an overall sensitivity to EGFR inhibition and that any such
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Figure 5. NF1 interaction strength screening identifies an additional five KRAS mutants that are sensitive to EGFR inhibition

(A) Schematic to summarize that our analysis up to this point suggests that sensitivity to EGFR inhibition, impaired binding of a RAS mutant to NF1, and the

reduction ofWTRAS-GTP upon treatment of amutantRASCRC cell with an EGFR inhibitor (EGFRi) are associated. We thereby propose that themeasurement of

the relative strength of binding between mutant RAS and NF1 can serve as a method to infer sensitivity to EGFR inhibition.

(B) BRETmeasurements of interactions betweenNF1 and RAS to evaluate 12 additional KRASmutants. Data represent the BRET ratio ±SD. Statistical difference

was determined by one-way ANOVA followed by the post hoc Tukey test for multiple comparisons. Equal amounts of BRET donor and acceptor (NF1-NanoLuc/

mutant RAS-GFP) were expressed as seen in distribution plots (bottom), where data points are representative of mean relative luciferase units (NF1-NanoLuc)

and mean GFP fluorescence units (RAS mutant) from the same samples in the histogram. There was no statistical difference among NF1-NanoLuc or RAS-GFP

signals. *p < 0.01.

(C) NF1 co-immunoprecipitation (coIP) assays for the 12 additional KRAS mutants.

(D) EGFR inhibitor resistance assays for the 12 additional KRAS mutants. Histograms and error bars represent the mean ± SD (n = 8). Statistical difference was

determined by one-way ANOVA followed by the post hoc Tukey test for multiple comparisons.*p < 0.0001.

(E) Comparisons of BRET assays, NF1 coIP assays, and proliferation assays. Data are normalized to KRASG12Vwithin each group of assays. Pearson correlation

coefficients and p values are provided for each set of comparisons.

(B) through (D) are each representative of three independent experiments.
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Mutations are observed to behave similarly whether in
KRAS, NRAS, or HRAS
KRAS, NRAS, and HRAS are highly homologous and share the

same hotspots at codons 12, 13, and 61 (Stephen et al., 2014).
Additionally, the biochemical rate constants for the reactions

that regulate RAS signaling are similar between the three (Ahma-

dian et al., 1997; Lenzen et al., 1998). We evaluated whether RAS

mutations interact similarly with NF1 when they occur in KRAS,
Cell Reports 37, 110096, December 14, 2021 9
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B Figure 6. Validation of identified EGFR in-

hibitor-sensitive RAS mutants in additional

model systems

(A) Table of additional RAS mutant CRC cell lines

that were investigated for EGFR inhibitor sensi-

tivity.

(B) Drug dose-response assays for the additional

cell lines. Data points and error bars represent the

mean ± SD (n = 8).

(C) RBD-IEF after cetuximab treatment for the

additional cell lines.

(D) Quantification of RAS-GTP levels from RBD-

IEF. Data points and error bars represent themean

± SD from three separate experiments. Statistical

significance was determined by unpaired two-

tailed t test between untreated and treated con-

ditions. *p < 0.05.

(B) and (C) are each representative of three inde-

pendent experiments. CTX, cetuximab; NA, not

applicable; Ctrl, control; WCL, whole cell lysate,

PI, isoelectric point.

Article
ll

OPEN ACCESS
NRAS, or HRAS. We performed BRET saturation using Q61L,

Q61H, Q61K, Q61R, G12V, and G12D mutations within KRAS,

NRAS, and HRAS expression constructs. We found no notice-

able difference between the NF1 interaction with each RAS mu-

tation across the three RAS proteins (Figure S6C).

We have previously reported that KRAS G12V and G12D

bind to NF1 with strong affinity and render cells resistant to

EGFR inhibition (McFall et al., 2019). We obtained heterozy-

gous HRAS G12V and heterozygous NRAS G12D isogenic

SW48 cells to evaluate whether these mutant cells behave

similarly to KRAS G12V and KRAS G12D cells. We found

that both isogenic lines were resistant to cetuximab (Fig-

ure S6D) and had no change in WT RAS-GTP upon treatment

with cetuximab (Figure S6E), similar to what we observed for

KRAS G12V and KRAS G12D isogenics (McFall et al., 2019).

These observations suggest that the specific mutation may
10 Cell Reports 37, 110096, December 14, 2021
be more important than whether the

mutated gene is KRAS, NRAS, or

HRAS when evaluating possible sensi-

tivity to cetuximab.

DISCUSSION

Our findings suggest that impaired bind-

ing toNF1maybeabiophysical biomarker

that can classify RAS mutants into EGFR

inhibitor-sensitive and EGFR inhibitor-

resistant classes. We used this insight to

find 10 more RAS mutations that appear

to indicate sensitivity to EGFR inhibitors.

Weanticipate that additionalRASmutants

with impaired binding to NF1 can be iden-

tified in further studies and that CRC cells

with thesemutationswill often have sensi-

tivity to EGFR inhibition.

The value of ‘‘biophysical biomarkers’’

that can subclassify mutant forms of a
protein becomes evident when one considers that KRAS G13D

CRCwas originally discovered to be sensitive to EGFR inhibitors

as a statistically significant survival signal in clinical trial data (De

Roock et al., 2010). However, in the absence of a supporting

mechanism, this was originally considered a possible statistical

anomaly and expert opinion stated that a prospective, random-

ized controlled trial was needed to prove that patients withKRAS

G13D CRC benefit from EGFR inhibition (De Roock et al., 2010;

Morelli and Kopetz, 2012). However, there are many challenges

and costs to pursuing a clinical trial, and a controlled trial of ce-

tuximab for patients with KRASG13DCRC has not yet occurred.

We will refer to the process of evaluating clinical trial data for

responsive subsets of patients, the same process that originally

identifiedKRASG13Dasabiomarker for sensitivity toEGFR inhib-

itors (DeRoocketal., 2010), as the ‘‘discoveryapproach.’’ Thedis-

covery approach offers slow progress for personalized medicine
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because it requires treating a large number of patients, with the

goal of identifying rare subsets of patients that appear to benefit,

and then searching for the relevant biomarker(s). Importantly,

the desire to search for less common mutant biomarkers and

the ability to justify the ongoing cost would both likely decrease

once the most common biomarkers are evaluated. (It is important

to note that KRASG13D is the third most common RASmutation

in CRC, and that there is a rapid drop off in frequency for the

increasingly less common RASmutations.) Additionally, the iden-

tification of true responders and true biomarkers must be

balanced by the likelihood of identifying chance outliers because

multiple hypothesis testing is involved. The path to personalized

medicine by the discovery approach could also require each

mutant biomarker to be studied alone in a prospective, random-

ized controlled trial. The inclusion of less common to raremutants

in discovery clinical trial cohorts as well as the enrollment of vali-

dation randomized controlled trials that focus on patients with

raremutantsbothpose significant challenges to theadvancement

of personalized cancermedicine through the discovery approach.

In contrast, we here advocate a ‘‘biophysical biomarker

approach.’’ This approach focuses on the identification of the

measurable biophysical properties of mutant proteins that are

the critical variables that determine sensitivity and resistance

to treatment. The identification of biophysical biomarkers could

potentially be done without a large ‘‘discovery’’ clinical trial,

thus reducing the cost and time required to identify candidate

mutation biomarkers. Additionally, prospective clinical trial vali-

dation could focus on a cohort that includes patients with any

of the different mutant forms of a protein that share the same

biophysical biomarker. This would facilitate clinical trials by

reducing the number of trials needed (one per biophysical

biomarker, rather than one per mutation), and it would also be

easier to accrue patients to a clinical trial that tests classes of

mutations believed to behave similarly.

Every year there are nearly 150,000 new CRC diagnoses

within the United States (Siegel et al., 2020a, 2020b). Although

the 10 mutations we identify here are individually less common

than KRAS G13D (which is found in 7% of patients with CRC),

the 10 mutations are collectively found in nearly 9% of CRC

cases. We estimate that 13,000 patients with CRC per year

will have one of these potentially targetable mutations in the

United States, with many more worldwide (Cerami et al.,

2012). We propose that a prospective clinical trial should eval-

uate the value of EGFR inhibitor treatment for patients with CRC

whose tumor harbors one of the 10 mutations identified here (in

either KRAS, NRAS, or HRAS). Additional preclinical studies us-

ing animal models (i.e., xenografts, genetically engineered mice)

and/or additional in vitro approaches (i.e., spheroids and orga-

noids) may be required to motivate such a clinical trial. Of note,

previous studies have found similar responses to RAS

pathway inhibition for two-dimensional (2D) cell culture and

three-dimensional (3D) cell culture, with the 3D system actually

demonstrating greater sensitivity to RAS inhibition (Canon et al.,

2019; Hallin et al., 2020; Janes et al., 2018; Patricelli et al., 2016;

Santana-Codina et al., 2020). Additionally, elegant organoid

studies that dissect the phenotypes of different KRAS mutants

find patterns of mutant-specific drug sensitivity that are similar

to those observed in 2D and 3D culture (Zafra et al., 2020).
Although EGFR inhibitors like cetuximab and panitumumab

are sometimes used as single agents in WT RAS CRC, they

are more commonly utilized in combination with chemotherapy

(Van Cutsem et al., 2009; Xie et al., 2020). Similarly, we would

anticipate that the benefit of EGFR inhibitors for patients with

CRC who also have one of the identified RAS mutants would

be higher if EGFR inhibitors were used as part of a treatment

combination. Relatedly, EGFR inhibitors have reproducibly

been observed to synergize with KRAS G12C inhibitors,

including studies that use the same SW837 and SW1463 cell

lines (Canon et al., 2019; Hallin et al., 2020; Ryan et al., 2020;

Xue et al., 2020). Of note, several of these studies that investi-

gated combinations of EGFR and KRAS G12C inhibitors include

conditions with only EGFR inhibitor treatment; these data reveal

partial sensitivity of the KRAS G12Cmutant cells to EGFR inhibi-

tion, consistent with our findings (Canon et al., 2019; Hallin et al.,

2020; Ryan et al., 2020; Xue et al., 2020).

Cancer genomes display a great deal of diversity, and for that

reasonwe do not expect every patient with CRCwith one of these

mutations to be clinically responsive to EGFR inhibition. For

example, although KRAS G12C cells were generally EGFR inhibi-

tor sensitive,we foundKRASG12Chomozygousmutant SW1463

cells to be EGFR inhibitor resistant. This suggests that patients

with a homozygous mutation will be more resistant than those

with a heterozygous mutation. Similarly, we would hypothesize

that patients with both a mutation and an amplification of that

same mutation are likely to be resistant. Co-occurring mutations

can also promote resistance; in earlier work, both we and a sepa-

rate group identifiedNF1 loss-of-function/loss-of-expressionmu-

tations as amechanismof resistance forKRASG13Dmutant can-

cers (McFall et al., 2019;Rabaraetal., 2019).Our experimentsalso

find that loss ofNF1 function causes resistance in cell lineswith an

EGFR inhibitor-sensitive RASmutation. We would anticipate that

NF1mutations will cause resistance to EGFR inhibition for the 10

additional RAS mutations identified here.

In future studies, itwould be interesting to uncover the structural

basis for impaired binding between RAS mutants and NF1. Co-

dons 12 and 13 are both glycine in WT KRAS, and glycine is the

simplest amino acid. It seems reasonable to speculate that some

side chains could create a steric obstruction to binding with NF1.

Additionally, many of the side chains in RAS mutants observed

to be impaired at NF1 binding are electrostatically charged,

suggesting the additional possibility of electrostatic repulsion as

a factor that impairs NF1 binding. These possibilities could be

investigated with a variety of methods (Hunter et al., 2015; Lu

et al., 2016; Rabara et al., 2019).

The idea that mutant forms of a gene can be subdivided into

classes that influence sensitivity or resistance to targeted therapy

hasprecedent.For example,KITmutations ingastrointestinal stro-

mal gumor (GIST) commonly occur within exon 9 and exon 11, but

those at exon 11 are generally more responsive to treatment with

imatinib. More recently, BRAF mutations have been subdivided

into three classes, with each class having different sensitivities to

targeted therapies that follow from their distinct biochemical prop-

erties (Yao et al., 2017). Overall, the identification of biophysically

defined subsets of specific oncoproteins offers an efficient path

forward for personalized cancer medicine. Biochemical mecha-

nism-based, computational systems biology dynamical system
Cell Reports 37, 110096, December 14, 2021 11
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models should further be able to facilitate the identification of bio-

physical subclassifications for common oncoproteins.
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mouse anti-KRAS Sigma cat#WH0003845M1

rabbit anti-NRAS Abcam cat#ab167136

mouse anti–pan-RAS Thermo Fisher cat#1862335

mouse anti-pERK Biolegend cat#675502

rat anti-ERK Biolegend cat#686902

mouse anti-GAPDH Santa Cruz Biotechnology cat#sc-4772

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, DyLight

800

Thermo Fisher cat#SA5-10176

Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, DyLight

680

Thermo Fisher cat#35569

Goat anti-Rat IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 680

Thermo Fisher cat#A-21096

mouse anti-NF1 Santa Cruz Biotechnology cat#sc-376886

mouse anti-EGFR Santa Cruz Biotechnology cat#sc-373746

rabbit anti-HRAS Abcam cat#ab32417

Chemicals, Peptides, and Recombinant Proteins

Nano-Glo� Live Cell Assay System Promega cat#N2011

Pierce 660nm Protein Assay Reagent Thermo Fisher cat#22660

Erlotinib Selleck Chemicals cat#S7786

Cetuximab Eli Lilly and Co CAS: 205923-56-4

Panitumumab Amgen CAS: 339177-26-3

Critical Commercial Assays

Active Ras Pull-Down and Detection Kit Thermo Fisher cat#16117

Pierce Co-Immunoprecipitation Kit Thermo Fisher cat#26149

Experimental Models: Cell Lines

SW48 Parental ATCC cat#CCL-231

KRAS (G12A/+)SW48 Horizon Discovery cat#HD 103-009

KRAS (G12V/+)SW48 Horizon Discovery cat#HD 103-007

KRAS (G12R/+)SW48 Horizon Discovery cat#HD 103-010

KRAS (G13D/+)SW48 Horizon Discovery cat#HD 103-002

KRAS (G12S/+)SW48 Horizon Discovery cat#HD 103-013

KRAS (A146T/+)SW48 Horizon Discovery cat#HD 103-036

KRAS (G12D/+)SW48 Horizon Discovery cat#HD 103-011

KRAS (G12C/+)SW48 Horizon Discovery cat#HD 103-006

NRAS (Q61L/+)SW48 Horizon Discovery cat#HD 103-038

NRAS (Q61R/+)SW48 Horizon Discovery cat#HD 103-022

NRAS (Q61H/+)SW48 Horizon Discovery cat#HD 103-035

NRAS (Q61K/+)SW48 Horizon Discovery cat#HD 103-017

NRAS (G12D/+)SW48 Horizon Discovery cat#HD 103-062

LS1034 ATCC cat#CRL-2158

SW1116 ATCC cat#CCL-233

LS123 ATCC cat#CCL-255
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SW948 ATCC cat#CCL-237

SW837 ATCC cat#CCL-235

SW1463 ATCC cat#CCL-234

HRAS (G12V/+) SW48 Horizon Discovery cat#HD 103-034

Oligonucleotides

EGFR siRNA Thermo Fisher Assay ID S565

Control siRNA Thermo Fisher Assay ID AM4611

NF1 siRNA Thermo Fisher Assay ID S57341

Recombinant DNA

Hs.HRAS G12D Gift from Dominic Esposito at Frederick

National Laboratory (FNL)

Addgene #83183

Hs.NRAS Q61K Gift from Dominic Esposito at FNL Addgene #83180

Hs.NRAS Q61R Gift from Dominic Esposito at FNL Addgene #83179

Hs.NRAS Q61L Gift from Dominic Esposito at FNL Addgene #83178

Hs.NRAS G12V Gift from Dominic Esposito at FNL Addgene #83174

Hs.KRAS4b T35S Gift from Dominic Esposito at FNL Addgene #83157

Hs.KRAS4b A146T Gift from Dominic Esposito at FNL Addgene #83150

Hs.KRAS4b G12F Gift from Dominic Esposito at FNL Addgene #83149

Hs.KRAS4b R68S Gift from Dominic Esposito at FNL Addgene #83148

Hs.KRAS4b A146V Gift from Dominic Esposito at FNL Addgene #83147

Hs.KRAS4b K117N Gift from Dominic Esposito at FNL Addgene #83146

Hs.KRAS4b G12S Gift from Dominic Esposito at FNL Addgene #83144

Hs.KRAS4b G12R Gift from Dominic Esposito at FNL Addgene #83143

Hs.KRAS4b G12A Gift from Dominic Esposito at FNL Addgene #83142

Hs.KRAS4b Q61H Gift from Dominic Esposito at FNL Addgene #83140

Hs.KRAS4b Q61R Gift from Dominic Esposito at FNL Addgene #83135

Hs.KRAS4b Q61L Gift from Dominic Esposito at FNL Addgene #83134

Hs.KRAS4b G13D Gift from Dominic Esposito at FNL Addgene #83133

Hs.KRAS4b G12V Gift from Dominic Esposito at FNL Addgene #83132

Hs.KRAS4b G12D Gift from Dominic Esposito at FNL Addgene #83131

Hs.KRAS4b G12C Gift from Dominic Esposito at FNL Addgene #83130

Hs.KRAS4b Gift from Dominic Esposito at FNL Addgene #83129

Hs.HRAS G12V Gift from Dominic Esposito at FNL Addgene #83184

Hs.KRAS4b G13C Gift from Dominic Esposito at FNL Addgene #83145

Hs.KRAS4b G12Y Gift from Dominic Esposito at FNL Addgene #82799

Hs.KRAS4b D33E Gift from Dominic Esposito at FNL Addgene #81659

Hs.KRAS4b G13R This work N/A

Hs.KRAS4b G12P This work N/A

HS.KRAS4b A59E This work N/A

KRAS4b WT GFP This work N/A

KRAS4b G12V GFP This work N/A

KRAS4b G12D GFP This work N/A

KRAS4b G12S GFP This work N/A

KRAS4b G21R GFP This work N/A

KRAS4b G12P GFP This work N/A

KRAS4b G12Y GFP This work N/A

KRAS4b G12A GFP This work N/A

KRAS4b G12C GFP This work N/A
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Continued
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NRAS G12V GFP This work N/A

NRAS G12D GFP This work N/A

HRAS G12V GFP This work N/A

HRAS G12D GFP This work N/A

HRAS WT This work N/A

NRAS Q61R GFP This work N/A

HRAS Q61R GFP This work N/A

KRAS Q61R GFP This work N/A

NRAS Q61K GFP This work N/A

HRAS Q61K GFP This work N/A

KRAS Q61K GFP This work N/A

NRAS Q61L GFP This work N/A

NRAS Q61L GFP This work N/A

KRAS4b A146T GFP This work N/A

KRAS4b A59E GFP This work N/A

KRAS4b G13D GFP This work N/A

KRAS4b G13C GFP This work N/A

KRAS4b G13R GFP This work N/A

KRAS4b D33E GFP This work N/A

KRAS4b K117N GFP This work N/A

KRAS4b T35S GFP This work N/A

KRAS4b R68S GFP This work N/A

KRAS4b A146V GFP This work N/A

KRAS4b A146T GFP This work N/A

The RAS Clone Collection Gift from Dominic Esposito at FNL Addgene kit #1000000070 and Addgene kit

#1000000089

pEZYegfp Guo et al. (2008) Addgene #18671

NF1 Gift from Dominic Esposito at FNL Addgene #70423

pcDNA3.1-ccdB-NanoLuc Gift from Mikko Taipale at University of

Toronto

Addgene #87067

pEZYflag Guo et al. (2008) Addgene #18700

Software and algorithms

MATLAB Mathworks RRID:SCR_001622

GraphPad Prism GraphPad Software RRID:SCR_002798

Adobe Illustrator Adobe RRID:SCR_010279

Image Studio Lite Li-Cor RRID:SCR_013715
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Lead contact
Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead contact, Ed Stites

(estites@salk.edu).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed material transfer agreement.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.
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d All original code for the computational analysis of RAS mutations is publicly available at github (https://github.com/StitesLab/

RAS_EGFRi). A doi to the version of record is provided in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line models and culture
LS1034, SW837, SW1463, SW48 cells and SW48 isogenic counterparts were cultured in RPMI 1640medium supplementedwith fetal

bovine serum (FBS) (10%), penicillin (100 U/ml), streptomycin (100 mg/ml), and l-glutamine (2 mM). SW1116 and SW948 cells were

cultured in Lebovitz L-15 medium supplemented with fetal bovine serum (FBS) (10%), penicillin (100 U/ml), streptomycin (100 mg/ml),

and l-glutamine (2 mM). LS123 cells were cultured in minimum essential medium (EMEM) supplemented with fetal bovine serum

(FBS) (10%), penicillin (100 U/ml), streptomycin (100 mg/ml), and l-glutamine (2 mM). All cells were grown in the indicated medium

and incubated at 37�C in 5%CO2 unless indicated otherwise in experimental methods. SW48 cells were obtained from Horizon Dis-

covery. SW948, LS123, SW1116, LS1034, SW837 and SW1463 cells were obtained from the American Type Culture Collection

(ATCC). All cell lines tested negative for mycoplasma. Clinical grade cetuximab and panitumumab were generous gifts from Dr. Shu-

mei Kato at the University of California San Diego. Erlotinib was purchased from Selleck Chemicals (S7786).

METHOD DETAILS

Mathematical model of RAS signaling
The key details of the RASmodel for this manuscript are summarized here. Additional discussions of the RASmodel, including code,

equations, and parameters, are available in previous publications (McFall et al., 2019; Stites and Ravichandran, 2012; Stites and

Shaw, 2018; Stites et al., 2007, 2015). The model is used to identify steady-state behavior of the RAS signaling module. Mass action

kinetics to describe intrinsic GTPase activity, nucleotide binding and unbinding, and effector binding and unbinding. The competitive,

irreversible, Michaelis-Menten equation was used to model NF1 activity on RAS because the experimental literature provides values

for kcat and Km values, and also because our emphasis on steady-state solutions eliminates concerns about initial transients being

inaccurate. The competitive, reversible, Michaelis-Menten equation was used to model RAS GEF activity on RAS. The same equa-

tions are used for WT and mutant RAS proteins, but the parameter values may differ for WT and mutant proteins.

Parameters values for WT RAS, G12V RAS, G12D RAS, and G13D RAS have been previously provided and utilized (McFall et al.,

2019; Stites et al., 2007, 2015), those same values are used here. Parameter values for codon 61 RAS mutants were obtained from

published literature (Donovan et al., 2002). Data include assessments of the NF1:RAS Km, the intrinsic GTPase rate, and the spon-

taneous (non-GEFmediated) dissociation of GDP and GTP. For all of these parameters, the ratio of the mutant parameter to the wild-

type parameter from the same study was used to scale the value of the corresponding WT RAS parameter used in the original RAS

model.

Computational random RASmutants are specified by how each of their independent parameters varies from the value of WT RAS.

We generated three distinct sets of computational random RAS mutants where parameters were randomly generated with a log

normal distribution. Each set had one million random mutants; for one set all independent and dependent parameters were limited

to those where each parameter was no more than one order of magnitude different from wild-type, one with a maximal two order of

magnitude difference fromwild-type, and one with amaximal three order of magnitude difference fromwild-type. For each set of one

million mutants, we focused on those that were constitutively active at a level that was within 1% total RAS-GTP and total Effector-

RAS-GTP complex from the levels obtained for modeled G12D, G12V, andG13DRAS for bothmodeled unstimulated (13 basal GEF)

and stimulated (103 basal GEF) conditions, and that also spanned a total change of RAS-GTP and Effector-RAS-GTP between un-

stimulated and stimulated conditions that was within 1% total RAS-GTP and total Effector-RAS-GTP of the net change for G12D,

G12V, and G13D. Those mutants that met these metrics were considered constitutively active like the other known RAS mutants.

Each of these computational constitutively active random RAS mutants was then simulated for a full EGFR inhibitor dose response

by evaluating different levels of SOS/GEF activation of RAS, from 103 to 13 in 0.253 increments. Dose responses were then normal-

ized to span from 1 (at 103 ) to 0 (at 13 ), and the integral of the dose response was approximated by summing the normalized values.

A value of 10% of the difference between the integral of the G13D dose response and the minimum of the integral dose response for

G12D andG12V, and a value of 10%of the difference betweenG13D and theminimumofG12D andG12V at 23 basal GEFwere both

used to define mutants that were used as a cutoff to define EGFR inhibitor sensitivity. Both Q61K and Q61R met this cutoff for EGFR

inhibitor sensitivity, and the other four codon 61 mutants studied did not.

Western blot analysis
Cell lysates were generated using lysis buffer (Thermo Fisher Scientific, 1862301) containing protease inhibitor cocktail (Cell

Signaling Technology) and incubated on ice for 1 hour, with brief vortexing every 5 minutes. The total protein concentration was

determined with the Pierce Protein assay (Thermo Fisher Scientific). Protein samples were resolved by electrophoresis on either

12% SDS–polyacrylamide gels or 4%–18% gradient gels and electrophoretically transferred to polyvinylidene difluoride (PVDF)
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membranes (Millipore Corporation) for 30 min at 25 V with the Trans-Blot Turbo (Bio-Rad Laboratories). The blots were probed with

the appropriate primary antibody and the appropriate fluorophore-conjugated secondary antibody. The protein bands were visual-

ized using the Li-Cor CLx Odyssey imaging station (Li-Cor Biosystems). Comparative changes were measured with Li-Cor Image

Studio Lite software from three independent experiments (N = 3). Comparisons were made by normalizing to indicated loading con-

trol for an internal reference, and the control lane for an external reference.

Proliferation assay
Cells (5000 per well) were seeded in 96-well plates in complete media. Treatments were initiated after the cells were attached

(24h). At the appropriate time points, cell viability was determined by MTT assay; 5 mg/ml in phosphate-buffered saline was added

to each well followed by incubation at 37�C for 2 hours. The formazan crystal sediments were dissolved in 100 mL of dimethyl

sulfoxide and absorbance was measured at 590 nm using a Tecan Infinite 200 PRO plate reader. Each treatment was performed

in eight replicate wells (n = 8) and repeated three different times (N = 3). For proliferation assays involving transfected SW48 cells,

cells were plated in a 96-well plate at 5000 cells per well in antibiotic-free medium. Twenty-four hours later, cells were transfected

with expression plasmids with duplex containing 0.2 mg of DNA and 0.25 mL of Lipofectamine 2000 per well. Cell proliferation was

assayed at 48 hours.

Active RAS pull-down assay
Isolation of active RAS-GTPwas performed using the Active Ras Pull-Down andDetection Kit (Thermo Fisher Scientific), following the

manufacturer’s protocol. RAS abundancewasmeasured by western blot or by RBD-IEF. Analysis of RBD pull-down lysates was per-

formed with mouse anti-KRAS antibody (WH0003845M1, Sigma), rabbit anti-NRAS (ab167136, Abcam), rabbit anti-HRAS (ab32417,

Abcam), mouse anti–pan-RAS antibody (1862335, Thermo Fisher Scientific). Input lysates were analyzed with mouse anti-pERK

(675502, Biolegend), rat anti-ERK (686902, Biolegend), mouse anti-GAPDH (sc-4772, Santa Cruz Biotechnology), mouse anti-NF1

(sc-376886, Santa Cruz Biotechnology) and mouse anti-EGFR (sc-373746, Santa Cruz Biotechnology).

IEF of active RAS isoforms and total endogenous RAS
Cells were cultured in T-75 adherent culture flasks. Cells were grown in growth medium alone or growth medium plus cetuximab

(20 mg/ml) for 48 hours. Medium was removed, and cells were washed with ice-cold tris-buffered saline. Cells were scraped in

1 mL of lysis wash buffer [25 mM tris-HCl (pH 7.2), 150 mM NaCl, 5 mM MgCl2, 1% NP-40, and 5% glycerol]. Cells were lysed

on ice and vortexed every 10 s. Cell lysates were subjugated to RBD co-immunoprecipitation as previously described above.

RBD co-immunoprecipitation product was resolved by SDS–polyacrylamide gel electrophoresis in a 12%polyacrylamide gel. Bands

were excised from the 21-kDa region of the gel. Gel products were liquified at 95�C for 5min. Protein was extracted and purified using

the ReadyPrep 2-D Cleanup Kit (Bio-Rad Laboratories) following the manufacturer’s protocol. Protein samples were added to 50%

glycerol loading buffer and incubated at room temperature for 20 min. Samples and IEF ladder were resolved on a Criterion Bio-Lyte

IEF Gel with a 3 to 10 pH range (Bio-Rad Laboratories). Gels were run at the following power conditions with constant voltage: 100 V

for 60min, 250 V for 60min in a stepwise fashion with a total run time of 120min. The IEF gel was then soaked in 5%SDS buffer for 24

hours with gentle rocking at 4�C. Protein was electrophoretically transferred to PVDFmembranes (Millipore Corporation) for 1 hour at

a constant 25 V with Trans-Blot Turbo transfer station (Bio-Rad Laboratories). The PVDF blots were probed with the anti–pan-RAS

primary antibody from the Active Ras Pull-Down and Detection Kit (Thermo Fisher Scientific) and the anti-mouse DyLight 800 fluo-

rophore-conjugated secondary antibody (Invitrogen). The protein bands were visualized using the Li-Cor CLx Odyssey imaging sta-

tion (Li-Cor Biosystems). Comparative changes were measured with Li-Cor Image Studio Lite software. Quantification

was performed using Li-Cor Odyssey Image Studio Lite. Input sample was used for internal reference and drug treatment was

compared against control sample.

NF1-RAS co-immunoprecipitation
HEK293T cells were individually transfected with the expression plasmid for NF1-Flag, or the indicated RAS-GFP. Cells were har-

vested in IP Lysis/Wash Buffer (0.025 M tris-HCl, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, and 5% glycerol; pH 7.4 and 13 protease

inhibitor) 24 hours after transfection. Whole-cell lysates (500 mg) were precleared for 0.5 hours using Control Agarose Resin slurry

(Thermo Fisher Scientific). Immunoprecipitation was performed by first incubating 800 mL of HEK293T NF1-Flag precleared lysate

with 200 mL of the indicated mutant RAS-GFP precleared cell lysate. Each cell lysate mixture had EDTA (pH 8.0) added to make a

final concentration of 10 mM. GTP-g-S was added to the solution to a final concentration of 100 nM. This solution was incubated

at room temperature for 20 min with gentle rocking. The reaction was terminated by adding MgCl2 to the solution at a final concen-

tration of 50 mM. The final steps of the co-immunoprecipitation were performed using the Pierce Immunoprecipitation Kit (Thermo

Fisher Scientific) with immobilized anti-NF1 antibody (Santa Cruz Biotechnology, CA). A total of 500 mg of the cell lysate was added

and incubated at room temperature under rotary agitation for 2 hours. At the end of the incubation, the complexes were washed five

timeswith lysis buffer. Thewestern blot was probedwithmousemonoclonal NF1 antibody (Santa Cruz Biotechnology, CA, sc-20017)

and with rabbit anti-GFP antibody (Cell Signaling Technology, MA, 2956S). Quantification was performed using Li-Cor Odyssey Im-

age Studio Lite. All samples were normalized to input for internal reference, and compared against the positive control KRASG12V for

an external reference.
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Bioluminescence resonance energy transfer (BRET) assay
Human embryonic kidney HEK293T cells were grown in DMEM/10% FBS without antibiotic treatment. Cells were seeded at 5000

cells per well in a 96-well white opaque Perkin Elmer microplate. Twenty-four hours after seeding, cells were co-transfected with

a constant concentration of 0.1 mg of NF1-NanoLuc pcDNA expression plasmid with increasing concentrations of GFP-tagged

KRAS (WT or Mutant) with 0.25 mL of Lipofectamine 2000 per well following the manufacturer’s protocol (Thermo Fisher Scientific).

Twenty-four hours later, the culture plate was read with GFP fluorescence setting on the Tecan Infinite M200 PRO to measure GFP

expression. Next, medium was aspirated from each well and 25 mL of Nano-Glo Live Cell Reagent was added to each well per the

manufacturer’s protocol (Promega). Plates were placed on an orbital shaker for 1min at 300 rpm. After incubation, the plate was read

on the Tecan Infinite M200 PROwith LumiColor Dual Setting with an integration time of 1000 ms. BRET ratio was calculated from the

dual emission readings. For each BRET saturation curve, a NF1-NanoLuc transfection was included for background reading. Back-

ground was subtracted and BRET ratio was plotted as a function of the RAS-GFP/NF1-NanoLuc plasmid ratio. BRET assays were

repeated three times (N = 3), each with eight biological replicates (n = 8).

Competitive bioluminescence resonance energy transfer (BRET) assay
Human embryonic kidney HEK293 T cells were grown in DMEM/10% FBS without antibiotic. Cells were seeded at 53 103 cells per

well in a 96-well white opaque Perkin Elmer microplate. Twenty-four hours after seeding, cells were co-transfected with a constant

concentration of 0.1 mg of NF1-NanoLuc pcDNA expression plasmid and increasing concentrations of the indicated RAS-EGFP

pcDNA or RAS-Flag pcDNA expression plasmid with 0.25 ml of Lipofectamine 2000 per well following the manufacturer’s protocol

(ThermoFisher). Twenty-four hours later, the culture plate was read with GFP fluorescence setting on the Tecan Infinite M200

PRO to measure GFP expression. Next, medium was aspirated from each well and 25 ml of NanoGlo Live Cell Reagent was added

to each well per the manufacturer’s protocol (Promega). Plates were placed on orbital shaker for 1 min at 300 rpm. After incubation,

the plate was read on the Tecan Infinite M200 PRO with LumiColor Dual Setting with an integration time of 1000 ms. BRET ratio was

calculated from the dual emission readings. For the saturation curve, BRET ratio was plotted as a function of the RAS-GFP/NF1-

NanoLuc plasmid ratio. Competitive BRET was performed by transfecting equal (0.2 mg) amounts of donor (RAS- EGFP pcDNA)

and competing (RAS-Flag pcDNA) plasmids (indicated in the figure) with 0.1 mg of NF1-NanoLuc pcDNA plasmid. Assays were per-

formed as described above in the saturation curve, raw values for GFP fluorescence and luciferase are reported, showing equal

transfection efficiency across tests. Each competitive BRET was performed three times with eight biological replicates.

Colony formation assay
Cells were trypsinized, and 100 cells per well were plated in triplicate six-well (60mm) plates in either complete media (10%FBS) or

serum reduced media (1.5% FBS). Colonies were either left untreated or supplemented with 20 mg/ml of cetuximab or 20ng/ml of

EGF. Colonies were formed after 4 weeks. The cells were fixed with ice-cold methanol and stained with crystal violet. Images were ob-

tained using the Li-Cor CLx Odyssey imaging station (Li-Cor Biosystems). A total of three experimental replicates were performed.

Expression constructs
Ras expression constructs from the NCI Ras Initiative clone collection were Gateway-cloned into enhanced green fluorescent protein

(EGFP) expression vector pEZYegfp (Addgene #18671) or pEZYflag (Addgene #18700). NF1 expression construct (Addgene #70424)

was Gateway-cloned into pcDNA3.1-ccdB-NanoLuc (Addgene #87067).The RAS Clone Collection was a gift from D. Esposito at

FNL (Addgene kit #1000000070 and kit #1000000089). pEZYegfp and pEZYflagwere gifts from Y.-Z. Zhang at Illinois Institute of Tech-

nology (Addgeneplasmid#18671; http://n2t.net/; RRID:Addgene_18671andAddgeneplasmid#18700; http://n2t.net/addgene:18700;

RRID:Addgene_18700).pcDNA3.1-ccdB-NanoLucweregifts fromM.TaipaleatUniversityofToronto (Addgeneplasmid#87075; http://

n2t.net/addgene:87075; RRID:Addgene_87075 andAddgene plasmid #87067; http://n2t.net/addgene:87067; RRID:Addgene_87067).

siRNA knockdown
Cells were plated in adherent culture plates containing siRNA and Lipofectamine RNAi Max (13778150, ThermoFisher) with a con-

centration of 10pmol siRNA per 10,000 cells in optiMEM reduced medium (per manufacturers instruction). siRNAs used were EGFR

siRNA (S565, ThermoFisher), Control siRNA (AM4611,ThermoFisher) and NF1 siRNA (S57341, ThermoFisher).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biological replicates is denoted by ‘‘n’’ and the number of experimental replicates is specified in the figure legend. All

data are reported asmean values± standard deviation andwere analyzed using Prism 8 software (GraphPad Software, Incorporated,

La Jolla, CA, USA). Statistical significance testing between two conditions was done using unpaired two-tailed t-test, assuming equal

variances, and from at least three independent experiments, unless stated otherwise. Statistical significance for three or more con-

ditions was calculated via one-way ANOVA followed by post hoc Tukey’s test for multiple comparisons, unless stated otherwise.

Significanceswere reported as P* < 0.05, 0.01, 0.001, 0.0001 or exact values and are reported in each figure, and the statistical test(s)

used is included in each figure legend.
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Figure S1 
 
 
 
 
 
 
 
Figure S1. The mechanism of KRAS G13D sensitivity to EGFR inhibition that was uncovered in 
our previous work. Related to Figure 1. (A) The EGFR pathway leads to activation of the RAS 
GTPases (K/N/H-RAS) and the RAS downstream effector pathways, including the RAF/MEK/ERK MAPK 
cascade. (B) The most common constitutively active RAS mutations can activate the RAF/MEK/ERK 
cascade directly. Most RAS mutants can also indirectly active the RAF/MEK/ERK cascade by 
competitively inhibiting the RAS GAP and RAS signal negative regulator NF1. Decreased NF1 activity 
results in increased wild-type RAS-GTP activation that can also promote RAF/MEK/ERK activation. Both 
the direct and indirect activation of RAF/MEK/ERK signaling here occur in an EGFR independent manner. 
(C) KRAS G13D is constitutively active, but impaired at binding to NF1. Thus, it can partially activate the 
RAF/MEK/ERK cascade. Full activation of the RAF/MEK/ERK cascade (i.e. at a level comparable to 
KRAS G12V or KRAS G12D) requires another signal, like EGFR induction, to activate wild-type RAS-
GTP.  



 

 
 

Figure S2  



 

Figure S2. Supplementary investigations of the sensitivity of cells and networks with an NRAS 
codon 61 mutation to EGFR inhibition. Related to Figure 2. (A) Simulated dose responses for six 
codon 61 RAS mutants (red), compared to G13D (blue) and G12V (black) mutants. Measures of model 
output considered are total RAS-GTP (left), mutant RAS-GTP (middle), and wild-type RAS-GTP (right). 
(B) Immunoblots of NRAS Q61L, Q61H, Q61K and Q61R SW48 isogenic treated indicated doses of 
cetuximab (48 h). Experiment was performed once (N=1) to confirm MTT proliferation assay (Figure 2C). 
(C) Immunoblots of RAS mutant expression (left). Relative values of RAS-GFP were normalized to 
GAPDH, and ratios of RAS to GAPDH were further normalized to the WT RAS lane (100%) (right). Each 
data point represents the average expression across three separate experiments (N=3). One-way 
ANOVA was performed and no statistical difference in RAS expression across transfections was 
observed. (D) Quantification of RAS-GTP levels from RBD-IEF. Data points and error bars represent 
mean ± SD from three separate experiments (N=3), of which Figure 2G is a representative example. 
Statistical significance was determined with the unpaired two-tailed t-test. P* indicates a significance of 
<0.01. (E) ERK phosphorylation measurements made in parallel with the RBD-IEF experiment shown in 
Figure 2G. (F) Simulated EGFR (SOS) inhibition dose responses for Q61K and Q61R mutants with their 
measured affinity reduction for NF1 (red solid line), and with their impaired affinity replaced with the 
affinity of WT RAS for NF1 (red dashed line). Simulated dose responses for G13D (blue) and G12V 
(black) mutants are also presented. (G) Coimmunoprecipitation of NF1 with NRAS Q61H, Q61L, Q61K, 
Q61R and KRAS G13D and G12V from mixtures of lysates from NF1-transfected cells with lysates from 
RAS-transfected cells. Western blot is representative for three independent experiments (N=3). 
(H) Normalized densitometry from three independent NF1-CoIP. Data points and error bars represent 
mean ± SD amongst three independent experiments (N=3). Statistical difference was determined by one-
way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. P* values indicate a significance 
of <0.001 when compared against KRAS G12V. (I) HEK293T cells were transfected with NF1-NanoLuc 
and with increasing concentrations of RAS-GFP at the ratio indicated. Data represents BRET ratio ± SD 
from eight biological replicates (n=8). BRET saturation curves are from one representative experiment 
from three independent experiments (N=3). (J) Data represent BRET ratio ± SD from eight biological 
replicates (n=8). BRET value is a single point from the BRET curve (Panel A) at a 2:1 concentration of 
RAS-GFP: NF1-NanoLuc expression constructs. Statistical difference was determined by one-way 
ANOVA followed by post-hoc Tukey’s test for multiple comparisons. P* values indicate a significance of 
<0.0001 when compared against KRAS WT. The small distribution plots on the right show average 
luciferase and GFP fluorescence units, indicating equal amounts of NF1-NanoLuc and RAS-GFP 
expression across transfections. Each data point represents the average signal across eight biological 
replicates (n=8). One-way ANOVA was performed and no statistical difference was observed. (K) Flag-
tagged and GFP-tagged KRAS proteins were analyzed for BRET signal with NF1-NanoLuc (top left). 
NF1-NanoLuc expression was held constant throughout the BRET saturation curve as indicated by equal 
levels of luciferase units (top right). Increasing levels of GFP signal correspond with an increasing quantity 
of RAS-GFP construct transfection (bottom left). (L) Evaluation of the ability of Flag-tagged KRAS G12V, 
Q61L, and Q61R to compete with KRAS G12V-GFP for binding to NF1 (left). Equal amounts of luciferase 
(middle) and GFP (right) were observed, suggesting equal amounts of expression that followed from the 
transfection of equal amounts of the respective constructs. Data represents the average signal ± SD 
across eight biological replicates (n=8), and are representative of three experiments (N=3). One-way 
ANOVA was performed followed by post-hoc Tukey’s test for multiple comparisons. P- and F values are 
indicated. (M) Evaluation of the ability of Flag-tagged KRAS G12V, Q61L, and Q61R to compete with 
NRAS Q61R-GFP for binding to NF1(left). Equal amounts of luciferase (middle) and GFP (right) were 
observed, suggesting equal amounts of expression that followed from the transfection of equal amounts 
of the respective constructs. Data represents the average signal ± SD across eight biological replicates 
(n=8), and are representative of three experiments (N=3). One-way ANOVA was performed followed by 
post-hoc Tukey’s test for multiple comparisons. P- and F values are indicated. 
  



 

 
Figure S3  



 

Figure S3. Empirical investigations of the sensitivity of NRAS and KRAS mutant isogenic SW48 
cells to EGFR inhibition. Related to Figure 2 and Figure 3. (A) Drug dose response MTT assays for 
NRAS Q61K, Q61R, Q61L, and Q61H isogenic SW48 cells that were treated with erlotinib (top) or 
panitumumab (bottom). Data points represent mean ± SD. Dose response is representative of three 
independent experiments (N=3). (B) Immunoblots of whole cell lysates and RBD-pull down lysates for 
NRAS Q61K Q61R, and Q61L SW48 cells. (C) Quantifications of proliferation (MTT assay), RAS-GTP 
levels (immunoblot), and ERK phosphorylation (immunoblot) for NRAS Q61K, Q61R, and Q61L isogenic 
SW48 cells treated with erlotinib, EGFR siRNA, or control siRNA. Data points represent mean ± SD from 
three separate experiments (N=3), for which Figure S3B is a representative example of the immunoblots. 
Proliferation measurements for these same conditions were made separately and are presented here. 
Statistical significance was determined by performing one-way ANOVA followed by post-hoc Tukey’s test 
for multiple comparisons between untreated and treated conditions. P values are indicated. 
(D) Immunoblots of whole cell lysates and RBD-pull down lysates for NRAS Q61K, Q61R, and Q61L 
genotype isogenic SW48 cells that were treated with cetuximab (or not) and also treated with NF1 siRNA 
or control siRNA. (E) Quantification of isoform specific RAS-GTP levels from RBD pulldown, and of ERK 
phosphorylation. Proliferation measurements for these same conditions were made separately and are 
presented here. Data points represent mean ± SD from three separate experiments (N=3). Statistical 
difference was determined by one-way ANOVA followed by post-hoc Tukey’s test for multiple 
comparisons. (F) Quantification of RAS-GTP levels RBD-IEF. Data points represent mean ± SD from 
three separate experiments (N=3), for which Figure 3C was a representative example. Statistical 
significance was determined by performing unpaired two-tailed t-test between untreated and treated 
conditions for each isoform specific RAS-GTP for each cell line. P* indicates a significance of <0.01. 
(G) RAS-GTP levels as a scaled fraction of total RAS-GTP from RBD-IEF. Data points represent mean 
± SD from three separate experiments (N=3). Statistical significance was determined by performing 
unpaired two-tailed t-test between untreated and treated conditions for total RAS-GTP. P-values are 
indicated within the figure. (H) ERK phosphorylation measured in cetuximab treated and non-treated cells 
that was performed in parallel with the RBD-IEF measurements shown in Figure 3C. (I) Immunoblots of 
KRAS A146T, G12R, G12S and G12C SW48 isogenic cells were treated with increasing doses of 
cetuximab for 48h. Dose response western blot was performed once (N=1) to confirm MTT proliferation 
assay (Figure 3A). (J) Normalized densitometry from three independent NF1-CoIP experiments 
representing relative NF1 affinity in vitro from Figure 3D. Bar heights and error bars represent mean and 
standard deviation amongst three independent experiments (N=3). Statistical difference was determined 
by one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. P* indicate a significance 
of <0.001 when compared against KRAS G12V. (K) Immunoblots of whole cell lysates and RBD-pull 
down lysates for KRAS G12R and G12S isogenic SW48 cells that were treated with cetuximab (or not) 
and also treated with NF1 or control siRNA. (L) Quantification of isoform specific RAS-GTP levels from 
RBD pulldown, and of ERK phosphorylation. Proliferation measurements for these same conditions were 
made separately and are also presented here. Data points represent mean ± SD from three separate 
experiments (N=3). Statistical difference was determined by one-way ANOVA followed by post-hoc 
Tukey’s test for multiple comparisons. 
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Figure S4. Computational analysis of possible mechanisms for EGFR inhibitor sensitivity within 
RAS mutant networks. Related to Figure 4. (A) Table providing definitions of each of the fourteen 
reaction parameters that characterize a RAS mutant within the RAS model. The Km for the interaction 
between NF1 and a RAS mutant, which was found to be the most important parameter for determining 
whether a network is EGFRi sensitive, is indicated in red. The two parameters indicated in gray are 
dependent parameters that are composites of the other parameters. (B) Simulated EGFR/SOS inhibition 
dose responses (black lines) for all of the computational RAS mutants that are sensitive to EGFR 
inhibition within a collection of one million computational-random-RAS mutants where each of the RAS 
mutant parameters are within one order of magnitude from the parameter values of WT RAS for the same 
reaction. For comparison, the simulated dose response of G13D (red) and G12D and G12V (both blue) 
are presented. (C) Parameters from all of the parameter sets that resulted in EGFR inhibitor sensitivity 
through WT RAS-GTP reduction but not mutant RAS-GTP reduction. Parameters are presented 
normalized to the value of the same parameter for WT RAS. These data are like the data in Figure 4F, 
but for a collection of one million computational-random-RAS mutants where each of the RAS mutant 
parameters is within two orders of magnitude from the parameter value of WT RAS (left) or within three 
orders of magnitude (right). (D) Parameters from all of the parameter sets in Figure S8C, but further 
limited to those parameter sets that also have a Km value for the NF1 interaction with mutant RAS that 
was less than the value of the Km between NF1 and WT RAS. 
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Figure S5. Supplementary data from the empiric screening of twelve KRAS mutants for binding 
to NF1. Related to Figure 5. (A) Evaluation of KRAS expression after HEK-293T cells were transfected 
with same quantity of DNA for the indicated RAS-GFP and NF1-NanoLuc constructs. KRAS-GFP 
expression was normalized to GAPDH as an internal protein loading control and to the WT-lane (100%) 
for an external reference to compare across western blots. RAS-GFP expression from the three western 
blots show little variation and each data point represents RAS expression for each mutant (bottom left). 
Mean and standard deviation of expression from all RAS-GFP transfections from within each western 
blot were calculated, one-way ANOVA was performed, and no statistical difference in expression was 
observed in RAS-GFP expression across western blots (bottom left). NF1-NanoLuc expression was 
normalized to GAPDH as an internal protein loading control, and to the WT-lane for an external reference 
(100%) to compare expression across western blots. NF1-NanoLuc expression from the three western 
blots show little variation (bottom left). Mean and standard deviation of expression from all NF1-NanoLuc 
transfections from each western blot were calculated, one-way ANOVA was performed, and no statistical 
difference in expression was observed across western blots (bottom left). P- and F-Values are reported 
for comparison. Each western blot was performed once (N=1). (B) Full BRET saturation curves that 
provided the source data for Figure 5B (2:1 RAS:NF1 transfection ratio). HEK293T cells were transfected 
with NF1-NanoLuc and with increasing concentrations of the indicated RAS-GFP construct. BRET curves 
for KRAS G12V and KRAS G13D, which have previously been shown to display approximately wild-type 
levels of NF1 binding and reduced NF1 binding, respectively, are included for comparison. Data represent 
BRET ratio ± SD from eight biological replicates (n=8) BRET saturation curves are a single representative 
experiment of three independent experiments (N=3). (C) Normalized densitometry from three 
independent NF1-CoIP experiments representing relative NF1 affinity in vitro, of which Figure 5C is one 
representative example. Bar heights represent mean ± SD amongst three independent experiments 
(N=3). Statistical difference was determined by one-way ANOVA followed by post-hoc Tukey’s test for 
multiple comparisons. P* indicate a significance of <0.001 when compared against KRAS G12V. 
(D) Evaluation of RAS expression after SW48 WT cells were transfected with same quantity of mutant 
RAS-GFP constructs pertaining to Figure 5B. RAS-GFP expression was normalized to GAPDH for 
internal protein loading control and to G12V-RAS-GFP (100%) for an external reference to compare 
across western blots. Each data point on the distribution plot represents mean expression of each mutant 
RAS from three separate experiments (N=3). One-way ANOVA was performed to compare all mutants 
against each other, and no significant difference was observed as reported by P- and F- values.  
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Figure S6. Supplementary data from the validation of identified EGFR inhibitor sensitive RAS 
mutants in additional model systems and RAS genes. Related to Figure 6. (A) Colony formation 
assays for LS1034, SW1116, LS123, SW948, SW837 and SW1463 cells. Images are one representative 
experiment of three independent experiments (N=3). (B) Quantification of isoform specific RAS-GTP level 
from RBD-IEF. Data points and error bars represent mean ± SD from three separate experiments (N=3), 
for which Figure 6C is a representative example. Statistical significance was determined by performing 
unpaired two-tailed t-test between untreated and treated conditions for each genotype. P* indicates a 
significance of <0.05. (C) HEK293T cells were transfected with NF1-NanoLuc and with increasing 
concentrations of the indicated mutant RAS-GFP. Data represent BRET ratios ± SD from eight biological 
replicates (n=8). BRET saturation curves are from one representative experiment. Three independent 
experiments were performed (N=3). (D) Proliferation assays for HRAS G12V and NRAS G12D SW48 
isogenic cells. Data points represent mean ± SD, and are representative of three separate experiments 
(N=3). (E) RBD-IEF and WCL-IEF of HRAS G12V and NRAS G12D SW48 isogenic cells cultured in 
untreated or treated conditions (20 μg/ml of cetuximab for 48 hours). RBD-IEF and WCL-IEF are each 
representative of three independent experiments (N=3). 


	ELS_CELREP110096_annotate_v37i11.pdf
	Identification of RAS mutant biomarkers for EGFR inhibitor sensitivity using a systems biochemical approach
	Introduction
	Results
	Modeling identifies additional RAS mutants that are sensitive to EGFR inhibition
	Experiments confirm NRAS Q61K and NRAS Q61R cells are sensitive to EGFR inhibition
	NRAS Q61K and Q61R cells treated with EGFR inhibitors display reduced WT RAS-GTP
	Orthogonal methods confirm mutant-specific sensitivity to EGFR inhibition
	Orthogonal methods confirm that mutant-specific sensitivity to EGFR inhibition depends on NF1 activity and on WT RAS-GTP su ...
	Empirical screening of isogenic cells identifies additional EGFR inhibitor-sensitive KRAS mutants that are also poor NF1 bi ...
	Modeling suggests that WT RAS-GTP reductions from EGFR inhibition imply reduced RAS mutant binding to RAS GAPs
	BRET screens identify additional RAS mutants that are poor NF1 binders
	Validation of EGFR inhibitor-sensitive RAS mutants in additional model systems
	Mutations are observed to behave similarly whether in KRAS, NRAS, or HRAS

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell line models and culture

	Method details
	Mathematical model of RAS signaling
	Western blot analysis
	Proliferation assay
	Active RAS pull-down assay
	IEF of active RAS isoforms and total endogenous RAS
	NF1-RAS co-immunoprecipitation
	Bioluminescence resonance energy transfer (BRET) assay
	Competitive bioluminescence resonance energy transfer (BRET) assay
	Colony formation assay
	Expression constructs
	siRNA knockdown

	Quantification and statistical analysis




