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Abstract

Cancer treatment decisions are increasingly guided by which specific genes are mutated within
each patient’s tumor. For example, agents inhibiting the epidermal growth factor receptor (EGFR)
benefit many colorectal cancer (CRC) patients, with the general exception of those whose tumor
includes a KRAS mutation. However, among the various KRAS mutations, that which encodes the
G13D mutant protein (KRASG13D) behaves differently; for unknown reasons, KRASG13D CRC
patients benefit from the EGFR-blocking antibody cetuximab. Controversy surrounds this
observation, because it contradicts the well-established mechanisms of EGFR signaling with
regard to RAS mutations. Here, we identified a systems-level, mechanistic explanation for why
KRASCL3D cancers respond to EGFR inhibition. A computational model of RAS signaling
revealed that the biophysical differences between the three most common KRAS mutants was
sufficient to generate different sensitivities to EGFR inhibition. Integrated computation with
experimentation then revealed a non-intuitive, mutant-specific dependency of wild-type RAS
activation by EGFR that is determined by the interaction strength between KRAS and the tumor
suppressor neurofibromin (NF1). KRAS mutants that strongly interacted with and competitively
inhibited NF1 drove wild-type RAS activation in an EGFR-independent manner, whereas
KRASC13D \weakly interacted with and could not competitively inhibit NF1 and, thus, KRASG13D
cells remained dependent upon EGFR for wild-type RAS activity. Overall, our work demonstrates
how systems approaches enable mechanism-based inference in genomic medicine and can help
identify patients for selective therapeutic strategies.
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Introduction

Cancer treatment decisions are increasingly influenced by which specific genes are mutated
within each patient. This has been referred to as personalized medicine, precision medicine,
and genomic medicine. One example of personalized medicine in cancer involves the use of
epidermal growth factor receptor (EGFR)-blocking antibodies and inhibitors in colorectal
cancer (CRC) patients. Clinical trials have shown that humanized therapeutic antibodies that
target EGFR, like cetuximab and panitumumab, provide a survival benefit to CRC patients
(1, 2). These drugs are now approved for CRC patients, except for those with KRAS
mutations.

Approximately 40% of patients with CRC have an acquired KRAS mutation within their
tumor (3). The Ras family of guanosine triphosphatases (GTPases) — HRAS, NRAS, and
KRAS - serve as key nodes in the EGFR signaling network (Fig. 1A). The signals that
propagate from Ras to its effectors, like the RAF family of kinases, during the course of
EGFR signaling can also be initiated by constitutively active mutant KRAS proteins. These
mutant KRAS proteins are not dependent upon EGFR for their activation (4). Thus, it
seemed logical that the presence of a constitutively active mutant KRAS would indicate
resistance to anti-EGFR agents. Clinical trials concluded that CRC patients with
constitutively active mutant KRAS do not benefit from anti-EGFR agents (5, 6). This
relationship between EGFR inhibitors, KRAS mutations, and CRC appears consistent with
the conventional understanding of EGFR signaling.

However, multiple studies that evaluated whether there were differences between the
common, constitutively active KRAS mutants suggest that the relationship between
oncogenic KRAS mutants and the response to EGFR inhibitors is more complicated.
Initially, a retrospective analysis of phase 111 clinical trial data found that the anti-EGFR
agent cetuximab benefited CRC patients with a KRAS G13D mutation, but not patients with
any other KRAS mutation (7). Although this claim has been further supported with
additional clinical trials and experimental model systems (7-9), the finding remains
controversial because it is difficult to reconcile known principles of Ras biology with KRAS
G13D patients responding differently (4, 10-12). Without a mechanism, expert opinion has
been to consider the KRAS G13D mutation equivalent to other KRAS mutations and to
assume that patients with the KRAS G13D mutation would not benefit from anti-EGFR
agents, despite the evidence to the contrary. Resolving this problem has the potential to
benefit a large number of cancer patients. For example, there are approximately 10,000 new
cases of KRAS G13D CRC in the United States alone (13, 14).

Here, we performed a computational and experimental investigation of this problem.
Applying our previously described computational systems biology methods for studying Ras
mutant proteins (15) revealed that the controversial KRAS G13D behavior that has been
interpreted to be inconsistent with known mechanisms of Ras biology is actually fully
consistent with known mechanisms of Ras biology. Our model suggests that cancers with the
G13D mutant are more sensitive to EGFR inhibition because the amount of active, cellular,
wild-type GTP-bound Ras (RasGTP) decreases in G13D cancers much more than in cancers
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with other Ras mutations. The model also suggests that the key difference between G13D
and the other common Ras mutants is that G13D does not bind well to the tumor suppressor
neurofibromin (NF1), and that a strong interaction with NF1 leads to the competitive
inhibition of its GAP activity and increased wild-type Ras GTP levels in an EGFR-
independent manner, whereas a weak interaction with NF1 does not result in competitive
inhibition of NF1 and wild-type Ras GTP levels remain EGFR dependent. Our experiments
confirm these model predictions. Overall, this work demonstrates the power of
computational systems biology approaches to address problems in personalized medicine,
and it also highlights the necessity of mathematical models based on fundamental
biochemistry as a tool for understanding the behaviors of biological networks that are
important to disease.

Systems Modeling of Oncogenic KRAS mutants

We previously developed a mathematical model of the processes that regulate Ras signaling
(15). This model is based upon the well-established architecture of the Ras signaling module
and the readily available biochemical rate constants of wild-type and mutant proteins (text
S1 and fig. S1). These processes, nucleotide exchange, GTP hydrolysis, and effector
binding, can be considered the “central dogma of Ras signaling.” A Ras mutant is
incorporated into the computational model through the inclusion of its specific biochemical
rate constants. We then simulate the reactions between Ras and its interaction partners in
accordance with the accepted biochemical understanding of these processes. In other words,
we simulate Ras signaling in silico at the level of chemical mass-action kinetics. We use
model simulations to find the behaviors that logically follow from this well-accepted
information, but may nevertheless be non-obvious due to the complexity and scope of the
system (15, 16).

Here, we utilize our mathematical model to computationally investigate how Ras mutations
should influence the response to EGFR inhibition. The three most common Ras mutants in
CRC are G12D, G12V, and G13D (3). We updated our model, which already included G12D
and G12V mutants (15), to also include the G13D mutant by incorporating the known
biochemical differences between each mutant and wild-type Ras, as has been previously
measured experimentally (17, 18) (fig. S1). We found that the available data for the G13D
mutant were sufficient to result in its constitutive activation, just as the available data for
G12D and G12V have been shown to be sufficient to explain these mutants’ constitutive
activation (figs. S2 and S3, A and B).

We then used the model to investigate how Ras signaling networks containing each mutant
would respond to EGFR inhibition. We did this by using the computational model to find the
abundance of total cellular, active RasGTP that should occur for conditions of high EGFR
activation [which leads to Ras activation through the Ras guanine exchange factors (GEFs)
son of sevenless 1 (SOS1) and son of sevenless 2 (SOS2)] to conditions of low EGFR
activation (where low amounts of Ras activation by Ras GEFs would occur). Unexpectedly,
our simulations of EGFR inhibition, which were based on the biochemical properties of
these mutants, found the G13D-containing network displayed larger reductions in Ras
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signals than the G12D and G12V-containing networks (Fig. 1B and fig. S3C). This was
notable, because expert opinion had been that it did not make sense for different Ras mutants
to respond differently to EGFR inhibition. Our analysis revealed that it is fully consistent
with Ras central dogma for some mutants to respond more strongly to EGFR inhibition.
Moreover, our analysis suggests that the available biochemical data are sufficient to explain
a mechanism by which G13D would be the most sensitive of the most common KRAS
mutants in CRC.

Evaluation of an Experimental Model System for this Phenomenon

To experimentally study KRAS allele-specific differences and model predictions, we
obtained a panel of isogenic CRC cells that was previously derived from the SW48 CRC cell
line and was used to study the KRAS G13D response to cetuximab (7). We obtained
isogenic cells with the following KRAS genotypes: G12D/wild-type (WT) (G12D cells),
G12V/WT (G12V cells), GI3D/WT (G13D cells), and WT/WT (WT cells) (Fig. S4A). The
mutant isogenic cells display constitutively increased amounts of active RasGTP when
compared to the parental WT cells (fig. S4B), consistent with all three of these mutants
being constitutively active. No significant changes in ERK phosphorylation were noted with
the Ras mutant isogenic lines, which is consistent with other recent work on signaling within
Ras mutant isogenic SW48 cells (19).

We performed dose-response experiments with the EGFR-blocking antibody cetuximab to
evaluate the described difference for these cells. When treated with increasing doses of
cetuximab, both the G13D cells and WT cells displayed reduced proliferation (Fig. 1C) and
reduced colony formation (Fig. 1D and fig. S4C), whereas each in the G12D and G12V cells
were not noticeably affected. We also evaluated dose responses to mitogen-activated protein
kinase kinase (MEK) inhibitors to evaluate whether these cells were more sensitive to any
inhibition of the pathway. We observed that all cell lines responded similarly to MEK
inhibition (fig. S5A), suggesting that the G13D cells are not simply more sensitive to all
agents that target the EGFR-RAS-extracellular signal-regulated kinase (ERK) pathway.

We hypothesized that if there was a difference in how these cells depended upon EGFR
signals, then we should be able to detect net proliferation differences when these cells are
cultured in medium containing low amounts of serum. Consistent with our hypothesis, we
observed that G13D and WT cells proliferated more slowly than G12D and G12V cells
when grown in low-serum media, but that all cells proliferated at a similar rate when
supplemental EGF was added to the media (fig. S4D). This further suggests that G13D cells
display an increased dependency upon EGFR signaling compared to G12D and G12V cells.
Also, because the patterns of response appeared analogous to the clinical observations
regarding KRAS genotype and response (7), the data suggest this cell line would be useful to
test our experimental model.

An Alternative Experimental Model for this Phenomenon

We desired an additional experimental system for comparing mutant-specific responses to
treatment. We hypothesized that the introduction of mutant KRAS G12D or G12V into the
WT Ras cells should reduce sensitivity to cetuximab, whereas introduction of KRAS G13D
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would have a minimal effect on sensitivity. In our experiments, we observed that transfected
KRAS G12D or G12V, but not G13D or WT, promoted resistance to cetuximab, consistent
with our hypothesis and consistent with the G13D mutant being comparably more sensitive
to EGFR inhibition (fig. S6).

Experimental Evaluation of Predicted Signaling Differences

Our model suggests that there should be signaling differences between G13D cells and cells
with one of the other common KRAS mutations (G12D cells and G12V cells). We measured
the abundance of active, GTP-bound Ras (RasGTP) in cells treated with or without
cetuximab, and we detected a reduction in RasGTP only in G13D and WT cells, but not in
G12V cells (Fig. 1E). As RasGTP signals are transmitted downstream through the ERK
MAPK cascade (Fig. 1A), we also measured phosphorylated ERK for cells treated with
different doses of cetuximab. We detected reductions in the abundance of phosphorylated
ERK in both the sensitive G13D and WT cells upon treatment with cetuximab but not in the
resistant G12V cells (Fig. 1F). All cells displayed reductions in phosphorylated ERK when
treated with a MEK inhibitor (fig. S5B). In contrast to the observed changes in ERK
phosphorylation, we did not detect changes in AKT phosphorylation under treatment with
cetuximab (fig. S7), consistent with little to no change in AKT phosphorylation after EGFR
inhibition in nine other colorectal cancer cell lines (20).

Experimental Confirmation of EGFR Dependence

We performed additional experiments to confirm that the response of these isogenic SW48
cells to cetuximab was EGFR dependent. First, we used siRNA to knock down EGFR
expression in these four different isogenic cell lines (fig. S8A). We observed reduced ERK
phosphorylation and reduced proliferation of the WT cells and of the G13D cells with EGFR
knockdown, but no difference in the G212V cells or the G12D cells (fig. S8A,B). We then
performed dose-response experiments with the EGFR-blocking antibody panitumumab to
complement the studies with the EGFR-blocking antibody cetuximab. As with cetuximab,
we observed that GZ3Dand WT cells both displayed reduced proliferation when treated
with panitumumab whereas G12Vand G12D cells were insensitive to panitumumab (fig.
S9A). Immunoblots similarly observed reduced ERK phosphorylation for W7 and G13D
cells, but not for G122V cells (fig. S9B). To more broadly evaluate the response to agents that
target EGFR, we also performed dose-response experiments using the tyrosine kinase
inhibitor erlotinib which is a small molecule compound that targets the kinase domain of
EGFR. We found G13Dand WT cells to be more sensitive to erlotinib than G12Vand G12D
cells (fig. S10A). In contrast to our experiments with cetuximab and panitumumab (Fig. 1C
and fig. S9A), G12V cells and G12D cells here appeared to be slightly sensitive to erlotinib
(fig. S10A). Immunoblots observed reduced ERK phosphorylation for W7 and G13D cells,
but not G122V cells (fig. S10B), raising the possibility that the partial sensitivity of G12V
(and G12D) cells may come from off-target effects.

Model Prediction of Differences in Wild-Type Ras Activation

Our computational model includes both mutant (KRAS) and wild-type (KRAS, NRAS, and
HRAS) pools of Ras because CRC cells express all three Ras proteins (21). The differences
in total RasGTP that our model predicts, (as in Fig. 1B) are accordingly distributed between
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GTP bound mutant Ras proteins and GTP-bound wild-type Ras proteins. We queried our
model to determine whether the predicted changes in signal were coming from mutant Ras,
wild-type Ras, or both. Our simulations suggest that EGFR inhibition should cause no
appreciable changes in the amount of mutant Ras bound to GTP (Fig. 2A and fig. S3D). This
is consistent with the conventional wisdom that anti-EGFR agents should not influence
mutant Ras signaling. However, our simulations predicted that EGFR inhibition should
result in large changes in wild-type RasGTP (Fig. 2A and fig. S3D). This suggests that the
non-obvious response to anti-EGFR agents may have a basis in wild-type Ras signaling.

Experimental Confirmation of Differences in Wild-Type Ras Activation

We returned to our experimental system to test the model-based hypothesis that EGFR
inhibition causes a larger drop in wild-type RasGTP in G13D cells than in cells with one of
the other common Ras mutants. We measured Ras activation in the presence and absence of
cetuximab for each of the Ras proteins (HRAS, NRAS, and KRAS) (Fig. 2, B and C) by
using antibodies specific for each form of Ras (fig. S11). We observed a large reduction in
GTP-bound wild-type HRAS and GTP-bound wild-type NRAS after cetuximab treatment
only in GI3Dand WT cells, consistent with our model’s predictions. We also observed a
larger reduction in GTP-bound KRAS in WT cells than in GI2Vand G13D cells, consistent
with the presence of one constitutively active KRAS allele for the two mutant cell lines.

To complement these studies, we developed a mass-spectrometry assay that could quantify
the amount of active HRAS, NRAS, KRAS, and wild-type H/N/KRAS through the use of
isotopically labeled peptides unique to HRAS, NRAS, KRAS, wild-type H/N/KRAS, and
the G12V and G13D Ras mutants. This approach revealed greater reductions in active (GTP-
bound) wild-type HRAS, wild-type NRAS, and wild-type H/N/KRAS in G13D cells treated
with cetuximab than in G12V cells treated with cetuximab (Fig. 2D; data file S1).
Additionally, total (wild-type and mutant) KRAS in G13D cells displayed a partial reduction
in GTP binding, consistent with one KRAS allele being wild-type and one KRAS allele
being mutant.

We also developed an approach to differentiate between HRAS, KRAS, and NRAS through
isoelectric focusing (IEF). Analysis of Ras binding domain (RBD) lysates that were further
separated by IEF prior to immunoblotting revealed decreased relative levels of active NRAS
and HRAS in isogenic WT and G13D cells treated with cetuximab, but not in G12V cells
treated with cetuximab (Fig. 2E). Additionally, active KRAS levels were most strongly
reduced in WT cells treated with cetuximab, but did not demonstrate any reduction in the
(KRAS) G12V and (KRAS) G13D cells treated with cetuximab. We also note that in several
experiments there was an increased level of RasGTP detected within G12V cells treated with
cetuximab. We hypothesize this may be a temporary, rebound, increase in signal after a
partial loss of negative feedback (22, 23). Altogether, the immunaoblots, mass spectrometry,
and IEF demonstrate reductions in wild-type HRAS and NRAS GTP levels in both WT and
G13D cells, but not the G12V cells.
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Model-based Identification of a Determinative Interaction with NF1

The behavior of each mutant in our computational model is determined by its parameter
values (fig. S1). We set out to determine which specific parameter value(s) are responsible
for the G13D mutant being more sensitive to modeled EGFR inhibition. We reasoned that it
may be possible to determine which parameter(s) are responsible for sensitivity by
systematically considering synthetic Ras mutants that were built from combinations of the
G12V, G12D, and G13D parameter values. We therefore created 648 such computational
Ras mutants by considering all combinations of the parameters from the G13D, G12V, and
G12D mutants, effectively creating computational hybrid Ras mutants (Fig. 3A). We used
our model to simulate dose responses to EGFR inhibition for each of 648 different
computational hybrids, and then we determined whether any single parameter could
distinguish between the sensitive and resistant hybrid mutant networks. Our analysis found
that all hybrids that were sensitive to simulated EGFR inhibition contained the K, (or the
enzymatic Michaelis constant) that characterizes the interaction between KRAS G13D and
the Ras GTPase-activating protein (Ras GAP) neurofibromin (NF1), and also that all
mutants that were insensitive to simulated EGFR inhibition had the K, value that applied to
the G12D and G12V mutants (Fig. 3B and fig. S3E). Thus, this demonstrates that that this
parameter is necessary and sufficient for sensitivity to EGFR inhibition in our systems
model of Ras signaling.

Experimental Confirmation of a Determinative Interaction with NF1

Ras GAPs like NF1 facilitate the inactivation of wild-type RasGTP to RasGDP, and
oncogenic Ras mutants are insensitive to Ras GAPs. An increased K, essentially indicates
that the GAP cannot bind well to the mutant Ras protein. It was initially unclear to us why
reduced binding to GAP would influence the response to anti-EGFR agents as we modeled
all three Ras mutants to have no increase in GTP hydrolysis once bound, so binding to GAP
would intuitively be inconsequential.

We set out to test this computational results that suggest the strength of the interaction with
NF1 can determine whether a cell line with a given mutation is sensitive or resistant to
cetuximab. It has previously been reported G13D Ras binds much less well to NF1 (17). We
reproduced this impaired binding with a co-immunoprecipitation study (fig. S12A) and with
Bioluminescence Resonance Energy Transfer (BRET) (fig. S12B). We hypothesized that a
KRAS G12V/G13D hybrid mutant (GG/VD), where the glycine residues at codons 12 and
13 were replaced with a valine and aspartic acid, respectively, would be constitutively active
and bind poorly to NF1. We created this mutant and, when it was transfected into parental
SW48 cells, we found it to be constitutively active, as demonstrated by to the presence of
increased ERK phosphorylation (Fig. 3C and fig. S12C). We also found that this GG/VD
combination mutant bound much less well to NF1 than KRAS G12V (Fig. 3C and fig.
S12B).

If the ability to bind NF1 is the critical factor that determines whether or not a mutant
promotes resistance to cetuximab, as suggested by our model, we reasoned that the KRAS
G12V/G13D mutant would not promote resistance to cetuximab. We used our transfection-
based assay (as shown in fig. S6) to evaluate the ability of transfected Ras mutants to alter
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WT cells sensitivity to cetuximab. Consistent with our hypothesis, we observed that the
G12V/G12D double mutant did not promote resistance, despite being constitutively active
(Fig. 3D).

A Mechanism for KRAS Mutant Allele-Specific Responses to EGFR Inhibition

We considered how differences in the interaction between KRAS and NF1 might result in
differences in network signal output. Our previous systems analysis of oncogenic Ras found
that the reversible and non-productive binding interaction between a Ras mutant and a Ras
GAP can promote wild-type Ras activation (15), as the GAP-insensitive Ras mutant can
effectively behave as a competitive inhibitor of Ras GAPs (24). Several other studies have
also observed increased wild-type Ras when mutant Ras is present (25-27). Our new study
suggests that G13D is an exception to this process because it binds much less well to NF1
and therefore cannot lead to wild-type Ras activation through the competitive inhibition of
NF1 Ras GAP activity.

We therefore propose a mechanism that explains why KRAS G13D, but not other common
KRAS mutants like G12D and G12V, responds to cetuximab (Fig. 4A). Ina WT cell, Ras
activation is dependent upon EGFR and can be counteracted with EGFR inhibitors. In a
G12D or G12V cell, the mutant KRAS is constitutively active. Through the competitive
inhibition of the Ras GAP NF1, wild-type Ras is also active in an EGFR-independent
manner and the cells will be insensitive to therapeutic EGFR inhibition. In a G13D cell, the
mutant KRAS is constitutively active and wild-type Ras activation is dependent on EGFR
because the G13D mutant cannot drive wild-type Ras activation through the competitive
inhibition of NF1. Assuming that the activation of proliferative signals downstream from
Ras requires a quantity of Ras signal that is greater than the mutant alone can typically
provide, inhibition of wild-type Ras through EGFR inhibition should negatively impact
proliferation signals within the G13D cell. This assumption that wild-type Ras signaling is
required in addition to mutant Ras signaling is consistent with emerging data that cancer
promotion requires both wild-type and mutant Ras signals (15, 22, 25-27).

Experimental Confirmation of Our Mechanism

We desired to test and confirm this proposed mechanism. We hypothesized that reduced
expression of NF1 would make both G13D cells and WT cells less sensitive to cetuximab
but would not largely affect G12V cells. This is because we reasoned reduced NF1 should
result in increased wild-type RasGTP, thereby making these cells less dependent upon EGFR
for wild-type Ras activation. We performed small interfering RNA (siRNA)-mediated
knockdown experiments of NF1 in WT, G13D, and G12V cells and compared proliferation
in the presence and absence of cetuximab. As hypothesized, NF1 knockdown reduced the
sensitivity of G13D cells and WT cells to cetuximab with minimal effect on G12V cells
(Fig. 4B). We also hypothesized that increased expression of NF1 should make G12V cells
more sensitive to cetuximab. This is because we reasoned that these cells would become
more dependent upon EGFR for wild-type Ras activation as NF1 levels increased. To test,
we transfected WT, G13D, and G12V cells with NF1 and then treated with cetuximab. As
hypothesized, increased NF1 expression made the G12V cells significantly more sensitive to
cetuximab (Fig. 4C). Lastly, we reasoned that this mechanism also suggests that the
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introduction of KRAS G13D into a G12V or G12D cell would not cause the G12V or G12D
to become sensitive to cetuximab, as the codon 12 KRAS mutant can still competitively
inhibit NF1. We experimentally tested this hypothesis by transfecting G12V and G12D cells
with KRAS G13D and found that the introduction of the KRAS G13D mutant did not cause
the cells to become sensitive to cetuximab (Fig. 4D), consistent with our proposed
mechanism.

Validation of Our Mechanism in Additional CRC Cell Lines

We lastly set out to determine whether the patterns of EGFR sensitivity and wild-type RAS
activation in relation to KRAS mutation status that we first predicted with a mathematical
model and then observed in an isogenic panel of SW48 CRC cell lines would be more
generally observable in other CRC cell lines. We obtained three hemizygous KRAS G13D
CRC cell lines (LoVo, HCT116, and HCT-15), one CRC cell line for each of KRAS WT
(CaCo2), KRAS G12V (SW403), and KRAS G12D (LS180). Of note, all three of these
KRAS G13D CRC cell lines have an NF1 mutation, whereas the other three CRC cell lines
do not. We evaluated whether the NF1 mutations result in reduced NF1 protein expression
with immunoblots and we did not detect NF1 expression in the three KRAS G13D cell lines
(Fig. 5A). Consistent with our finding that reduced NF1 expression can convert a KRAS
G13D SWi48 cell line from being sensitive to cetuximab to insensitive to cetuximab (Fig.
4D), we observed that the cell lines that both had a NF1 mutant and the KRAS G13D mutant
(LoVo, HCT116, and HCT-15) were insensitive to cetuximab (Fig. 5B). We also observed
the KRAS WT (CaCo2) CRC cell line was sensitive to cetuximab and that the KRAS G12V
(SW403) and KRAS G12D (LS180) CRC cell lines were insensitive to cetuximab,
consistent with the data from the isogenic SW48 cell lines.

The mechanism we have proposed (Fig. 4A) assumes that NF1 is present. We therefore
hypothesized that if we reintroduced NF1 protein expression to the KRAS G13D, NF1
mutant, CRC cell lines that they would gain sensitivity to cetuximab. We used lentiviral
transduction to express full length NF1 in these three cell lines (Fig. 5C). We observed that
the reintroduction of NF1 caused a reduction in proliferation for these cells (fig. S13).
Cetuximab dose responses found that these three KRAS G13D mutant with exogenous NF1
expression (LoVo + NF1, HCT116 + NF1, and HCT-16 + NF1) were now sensitive to
cetuximab (Fig. 5B), fully consistent with our proposed mechanism. Additionally, we
performed immunoblots on RBD lysates and whole cell lysates to evaluate RAS-GTP levels
and ERK phosphorylation. We observed changes in RasGTP levels and in ERK
phosphorylation with cetuximab treatment for KRAS WT CaCo2 cells, but not in the CRC
cells with a KRAS G12D mutation, a KRAS G12V mutation, or a KRAS G13D mutation
with a co-occurring NF1 mutation (Fig. 5D). Additionally, we observed reductions in RAS
GTP and ERK phosphorylation in the KRAS G13D cells when NF1 protein had been
reintroduced, but not in their NF1 mutant state (Fig. 5D). Altogether, these experiments
suggest that the mechanism we identified through computational modeling and with SW48
isogenic cells is more general. It also highlights that NF1 mutations that co-occur with a
KRAS G13D mutation may confer resistance to cetuximab.
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Discussion

Every year, there are approximately ten-thousand new cases of KRAS G13D CRC in the
United States alone. Despite the Phase Il clinical trial evidence that these patients would
benefit from Food and Drug Administration (FDA)-approved EGFR inhibitors, the apparent
discrepancy between the known mechanisms of Ras signaling and these clinical effects has
been seen as problematic. The field has chosen to favor intuition over empirical data, and has
considered KRAS G13D equivalent to other codon 12, 13, and 61 KRAS mutations. This
practice should be reconsidered; our mathematical work has identified a mechanism that is
fully consistent with fundamental Ras biology and the idea that the KRAS G13D mutant can
be more sensitive to EGFR inhibition.

Our mathematical model describes the “central dogma” of Ras biology. That is, Ras GEFs
activate Ras, Ras GAPs inactivate Ras, active Ras binds to Ras effectors, and Ras has very
slow GTPase activity and very slow GEF-independent nucleotide exchange activity. Our
model is based upon peer-reviewed data that biochemically and biophysically characterize
each of these reactions. Our simulations find that Ras central dogma permits different
mutations to respond differently to the same upstream inhibitor. Additionally, our
computational analysis finds the available biochemical data for the KRAS G13D mutant is
sufficient to provide a mechanistic explanation for why KRAS G13D patients benefit from
EGFR inhibition.

Differences in wild-type Ras activation between these KRAS mutant cells as they are treated
with EGFR inhibitors are the critical aspect we uncovered with our model. Our experiments
tested and confirmed this mechanism. Of note, the mathematical model, its analysis, and
these hypotheses were posted to bioRxiv before the experimental work in this study began
(28). This helps demonstrate that these were true, prospective, predictions.

Our study also suggests one mechanism by which KRAS G13D cancers may become
resistant to EGFR agents. We demonstrated that decreased NF1 expression makes KRAS
G13D mutant cancer cells more resistant to EGFR inhibition. Accordingly, we would
hypothesize that CRC patients who have both NF1 and KRAS G13D mutations will be less
likely to receive benefit and/or will receive a smaller benefit. We queried colorectal
genomics studies to ask how often NF1 and KRAS G13D mutations co-occur (13). We
found that KRAS G13D CRC patients had a co-occurring NF1 mutation less than 4% of the
time, suggesting that a very large proportion of KRAS G13D CRC patients may be able to
benefit from anti-EGFR agents that have been approved for CRC like cetuximab and
panitumumab.

That KRAS G13D CRC cell lines commonly have NF1 mutations while patients do not is
intriguing. We hypothesize that a requirement for wild-type Ras activation in CRC limits the
KRAS G13D CRC that can yield cell lines to any cells that harbor an additional mutation
that promotes an increase in wild-type RasGTP. Within actual cancer patients, we
hypothesize that wild-type Ras in KRAS G13D CRC patients is promoted by extracellular
signals that activate receptor tyrosine kinases like EGFR.
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There are likely additional mechanisms that can lead to resistance to EGFR inhibition, just
as there are multiple mechanisms for resistance to other targeted therapies. Future work will
attempt to uncover these relationships. It is also possible that there are additional Ras
mutants that respond to EGFR inhibition through similar mechanisms involving reduced
binding to NF1. Future work will attempt to identify additional exceptional responder Ras
mutants.

Our focus on the “central dogma” of Ras signal regulation has allowed us to construct a
model for which there are readily available, high-quality, biochemical data for wild-type and
mutant Ras. Although our model is limited in scope, it has been able to uncover multiple
unappreciated aspects of Ras biology (15, 16). Many systems models extend to larger
considerations of networks. There is a clear appreciation that features beyond the scope of
our model, such as positive and negative feedback (19, 22, 26, 27, 29) play important
contributions to Ras signaling. Once processes like the positive feedback of RasGTP on
SOS1 (29) and the differences in the regulation of SOS1 and SOS2 (30) are biophysically
characterized to the level of the different KRAS mutant alleles, it would be possible to
determine whether there are additional differences between KRAS G13D, G12D, and G12V
that further contribute to cancers with the KRAS G13D mutant being more sensitive to
EGFR inhibition.

Our work demonstrates how systems approaches can uncover non-obvious, mechanistic
bases for clinical observations that otherwise defy expert-level explanation. Many genes
associated with cancer and other diseases have multiple pathological variants. Our work is
significant to these other genes and diseases, as we have demonstrated how apparently
similar variants can exhibit different responses to the same pharmacological treatment. As
clinical genomics becomes more common, and as the number of targeted therapies approved
and in development continues to grow, we believe that it will be increasingly necessary to
perform integrated mathematical analysis of biomolecular systems to understand how
mutant allele-specific behaviors emerge and influence response to treatment.

Materials and Methods

Mathematical Model and Analysis

Details of the model and its development have been published previously (15, 31-34), and
are summarized here and further described in the Supplementary Text. The model focuses on
Ras and the types of proteins that directly interact with Ras to regulate Ras-GTP levels: Ras
GEFs (such as SOS1), Ras GAPs (such as NF1), and Ras effector proteins (such as the RAF
kinases). The model includes 1) GEF mediated nucleotide exchange, 2) intrinsic nucleotide
exchange, 3) GAP mediated nucleotide hydrolysis, 4) intrinsic nucleotide hydrolysis, and 5)
effector binding. GEF and GAP reactions, 1 and 3 above, are described mathematically with
reversible and irreversible Michaelis-Menten kinetics, respectively. We consider only the
subset of total GEFs and GAPs that are active within our model. The other reactions are
described with first- and/or second-order mass-action kinetics. It is assumed that wild-type
and Ras mutant proteins have identical reaction mechanisms as indicated above, and that
differences in rate constants (or enzymatic parameters) for the reactions account for
described differences. For example, Ras mutant protein G12V hydrolyzes GTP more slowly
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than does wild-type Ras. In this case, the rate constant for this reaction kgTpase 12V IS
smaller than the rate constant for the same reaction with wild-type Ras, KgTpase w- All
reactions are grouped into a set of differential equations and the steady-state quantity of
RasGTP-effector complexes (and RasGTP) is solved for the specified conditions.

Parameters of the model for proteins correspond to biochemically observable properties.
Rate constants, enzymatic properties (Vmax and K,), and protein abundances for wild-type
Ras proteins have been previously obtained, utilized, and published (listed in Supplementary
Text) (15). Mutant proteins can be characterized by their difference from wild-type proteins
in terms of a multiplicative factor, a.. Values for a are determined from previous
experimental studies that measured the desired property for both wild-type and mutant Ras
proteins (35, 36). For G12V and G12D, we use the same a values that were previously
obtained and utilized in our model (15). For G13D previous experiments described this
mutant to have an elevated nucleotide dissociation rate compared to wild-type Ras (a =
3.6625) (18). Previous studies have also described Ras G13D to be insensitivity to Ras GAP
(37), and to have no appreciable binding to the Ras GAP NF1 (17). A 100-fold increase in
the K, of GAP on Ras G13D is used to model the immeasurable binding to the Ras GAP
NF1. We estimated the change must be at least 100 times large as changes of approximately
50-fold have previously been measured for other Ras mutants (38), so we assumed that the
difference must be larger to be undetectable. The decreased GTPase activity of the G12D
mutant is used for the G13D mutant because we could not find an a factor at the time we
began our; using the same value as G12D allowed us to introduce impaired GTPase activity
while also allowing us to focus on the known biochemical differences.

Computational “hybrid” mutants are modeled mutants that have properties of two distinct
Ras mutants. For example, a hybrid Ras mutant may be modeled with all of the properties of
Ras G12D, except for the faster intrinsic nucleotide dissociation properties of G13D. Such a
hybrid could be used to evaluate how faster nucleotide dissociation would influence
signaling through the comparison of this hybrid’s behavior with that of the G12D mutant.

The Ras network within the CRC context is assumed to be EGFR driven, and EGFR is
assumed to activate Ras through increased activation of Ras GEFs like SOS1 and SOS2. We
use a ten-fold increase in V5% for GEF reactions to indicate EGFR activation, just as we
have done previously to model receptor tyrosine kinase mediated Ras activation (15). To
simulate an EGFR inhibition dose response, levels of GEF activity between the “high” (10x
increase) case and the basal “low” (1x) level were considered and the resulting level of
RasGTP determined by model simulation. We assume that the three Ras proteins, HRAS,
NRAS, and KRAS, share similar biochemistry and can be modeled with the same set of
biochemical properties; such an assumption is consistent with measurements of the three
Ras proteins (39, 40). We assume that measurements that provide a for one Ras protein are
good approximations for the same mutant to the other Ras proteins. We assume that more
than one Ras gene is expressed in CRC cells. This is consistent with many data (21, 41). We
here model Ras mutants as being heterozygous, such that for a KRAS mutant, one half of
total KRAS will be mutant and one half of total KRAS will be wild-type. Here, we assume
that 50% of total Ras is KRAS (and that 25% of total Ras is mutant). This assumption is
consistent with mass spectrometric quantification of KRAS, NRAS, and HRAS levels (21).
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RasGTP and RasGTP-effector complex are considered as measures of Ras pathway
activation. Model simulations are used to determine steady-state levels of RasGTP and
RasGTP-effector. Simulations and analysis are performed in MATLAB (9.1.0.441655,
MathWorks).

Cell Line Models and Culture Method

SW48 cells and isogenic counterparts were cultured in RPMI media supplemented with FBS
(10%), penicillin (100 unit/ml), streptomycin (100 pg/ml), and L-glutamine (2 mM). SW403
cells were culture in L-15 Media with FBS (10%), penicillin (100 unit/ml), streptomycin
(100 pg/ml), and L-glutamine (2 mM). LS-180 cells were cultured in DMEM with FBS
(10%), penicillin (100 unit/ml), streptomycin (100 pg/ml), and L-glutamine (2 mM). LoVo
cells were cultured in F12-K media with FBS (10%), penicillin (100 unit/ml), streptomycin
(100 pg/ml), and L-glutamine (2 mM). HCT116 cells were grown in McCoys-5a media with
FBS (10%), penicillin (100 unit/ml), streptomycin (100 pg/ml), and L-glutamine (2 mM).
HCT-15 cells were grown in RPMI media supplemented with FBS (10%), penicillin (100
unit/ml), streptomycin (100 pg/ml), and L-glutamine (2 mM). CaCo2 cells were grown in
DMEM with with FBS (20%), penicillin (100 unit/ml), streptomycin (100 pg/ml), and L-
glutamine (2 mM). All cells were grown in indicated media and incubated at 37 °C in 5%
CO2 unless indicated otherwise in experimental methods. SW48 cells were obtained from
Horizon Discovery. SW403, HCT116, HCT-15, CaCo2, SW48, and LoVo were obtained
from ATCC.

Western Blot Analysis

Cell lysates were generated using radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 1% nonyl phenoxypolyethoxylethanol (NP-40), 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 50 mM Tris of pH 8.0) containing protease inhibitor cocktail (Cell
Signaling Technologies) and incubated on ice for 1 hour. Total protein concentration was
determined by Pierce-Protein assay (Thermo Fisher Scientific,). Protein samples (20 pg)
were resolved by electrophoresis on 10-12% sodium dodecyl sulfate—polyacrylamide gels
and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore Corporation) for 20 minutes at 25V. The blots were probed with the appropriate
primary antibody and the appropriate fluorophore conjugated secondary antibody. The
protein bands were visualized using the Licor CIx Odyssey imaging station (Licor
Biosystems). Comparative changes were measured with Licor Image Studio software.

Cell-Proliferation Assay

Cells (5000 per well) were seeded in 96-well plates in phenol-red-free medium
supplemented with charcoal-stripped FBS. Treatments were initiated after the cells were
attached. At the appropriate time points, cell viability was determined by MTT assay; 10 pl
of MTT (5mg/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 ul of
dimethy! sulfoxide and absorbance was measured at 590 nm using the Tecan Infinite 200
Pro-plate reader. Each treatment was performed in seven replicate wells and repeated three
times.
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siRNA-mediated Gene Knockdown

The appropriate recombinant SW48 cells were plated in a 10 cm plate in DMEM
supplemented with 10% FBS 24 h before transfection. The following day, cells were
transfected with siRNAs against NF1 (2 ug) or control siRNA (2 pg) using Lipofectamine
2000. For EGFR knockdown, cells were plated 96 well format in 100 pl of OptiMEM
(10%FBS) with 0.1ug of siRNA mixed with 0.5 ul Lipofectamine 2000 per well. 24hours
following EGFR siRNA delivery, cells were treated with Cetuximab for 48 hours, and
proliferation was measured by MTT assay. Silencer Select Small interfering RNAs were
purchased from Thermo Fisher. Silencer Select-NF1 (s56534) was comprised of pooled
RNAs targeting exons 2, 10, 16, 18 and 19 in the NF1 mRNA. Silencer Select-EGFR (s565)
was comprised of pooled siRNA targeting five unique sequences within exon 2 of the EGFR
mRNA. Silencer Select Control siRNA (4390843) was used as negative control. All sSiRNAs
were reconstituted in RNase-free molecular grade water upon arrival from vendor at
concentration of 5mM.

Expression Plasmid Transfection

Cells were plated in 96 well plate at 5000 cells per well in antibiotic free media. 24 h later
cells were transfected with expression plasmids with duplex containing 0.2 pg of DNA and
0.25ul of Lipofectamine 2000 per well. Cell proliferation was assayed within at least 48 h.

Ras expression constructs from the NCI Ras Initiative clone collection for KRAS4B-WT
(Addgene #83129), NRAS-WT (Addgene #83173), HRAS-WT (Addgene #83181), KRAS-
G13D (Addgene #83133), KRAS-G12V (Addgene #83132), and KRAS-G12D (Addgene
#83131) were Gateway cloned into EGFP expression vector pEZYegfp (Addgene #18671).
KRAS G13D was used to create the G12V/G13D (GG/VD) through site directed
mutagenesis. NF1 expression construct (Addgene #70423) was Gateway cloned into
pEZYflag (Addgene #18700) and NF1 expression construct (Addgene #70424) was
Gateway cloned into pcDNAS3.1-ccdB-Nanoluc (Addgene #87067) and pLenti6.2-ccdB-
Nanoluc (Addgene #87075). The RAS Clone Collection was a gift from Dominic Esposito
(Addgene kit # 1000000070 and kit # 1000000089). pEZYegfp and pEZYflag were gifts
from Yu-Zhu Zhang (Addgene plasmid # 18671 ; http://n2t.net/addgene:18671 ;
RRID:Addgene_18671 and Addgene plasmid # 18700 ; http://n2t.net/addgene:18700 ;
RRID:Addgene_18700). pLenti6.2-ccdB-Nanoluc and pcDNA3.1-ccdB-Nanoluc were gifts
from Mikko Taipale (Addgene plasmid # 87075 ; http://n2t.net/addgene:87075 ;
RRID:Addgene_87075 and Addgene plasmid # 87067 ; http://n2t.net/addgene:87067 ;
RRID:Addgene_87067).

Colony-Formation Assay

Cells were trypsinized and 4000 cells per well were plated in triplicate 6-well plates in
DMEM supplemented with FBS. Colonies were formed after 7 days. The cells were fixed
with ice-cold methanol and stained with crystal violet. Images were obtained using the Licor
Clx Odyssey imaging station (Licor Biosystems). Colony formation was quantified by
measuring absorbance per well. Comparison were made by normalizing to control wells. A
total of five experimental replicates were performed with each containing three biological
replicates.
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Active Ras Pull-down Assay

Isolation of active GTP bound Ras was performed using the Active Ras Pull-Down and
Detection Kit (Thermo Fisher Scientific,) following manufacturers protocol. Ras abundance
was measured by Western blot and/or by mass spectrometry. Western blot analysis of RBD
pull-down lysates was performed with mouse anti-KRAS antibody (WH0003841, Sigma),
Rabbit anti-NRAS (ab16713, Abcam), Rabbit anti-HRAS (18295, Protein Tech), mouse
anti-pan-RAS antibody (1862335, Thermo Scientific) and mouse anti-GAPDH (sc-4772,
Santa Cruz Biotechnology).

Mass Spectrometry

RBD lysates from cetuximab treated and non-treated cells (CTX; 20ug/ml for 48h) were
precipitated using Methanol-Chloroform. Dried pellets were dissolved in 8 M urea, reduced
with 5 mM tris (2-carboxyethyl) phosphine hydrochloride (TCEP), and alkylated with 50
mM chloroacetamide. Proteins were then trypsin digested overnight at 37° C. Samples were
digested at 50 pl final volume. Heavy labeled peptides were spiked-in to the digested
samples at appropriate concentrations so that a single LCMS injection contained 10 pl of
digested sample with 500 fmol of heavy labeled peptides. Peptides used were: SFEDIHQYR
for HRAS; SFADINLYR for NRAS; SFEDIHHYR for KRAS; LVVVGAGGVGK for wild-
type H/N/KRAS; LVVVGAGDVGK for G13D mutant H/N/KRAS, and LVVVGAVGVGK
for G12V mutant H/N/KRAS and the same peptide sequences were previously used for
quantification of endogenous RAS and mutant RAS genes in similar isogenic SW48 cells
(21).

The samples were analyzed on a Fusion mass spectrometer (Thermo Fisher Scientific).
Samples were injected directly onto a 25 cm, 100 um ID column packed with BEH 1.7 ym
C18 resin (Waters). Samples were separated at a flow rate of 300 nL/min on a nLC 1200
(Thermo Fisher Scientific). Buffer A and B were 0.1% formic acid in water and 90%
acetonitrile, respectively. A gradient of 1-25% B over 110 min, an increase to 40% B over
10 min, an increase to 100% B over another 10 min and held at 90% B for a final 10 min of
washing was used for 140 min total run time. Peptides were eluted directly from the tip of
the column and nanosprayed directly into the mass spectrometer by application of 2.8 kV
voltage at the back of the column. The Fusion was operated in a data dependent mode. Full
MS1 scans were collected in the Orbitrap at 120k resolution. The cycle time was setto 3 s,
and within this 3s the most abundant ions per scan were selected for CID MS/MS in the ion
trap. Monoisotopic precursor selection was enabled and dynamic exclusion was used with
exclusion duration of 5 s

Peak area quantitation of the heavy peptides and corresponding light peptides from the
samples were extracted by Skyline (42). Within each sample, we used mutant Ras as a
standard to normalize against. We then compared the ratio of normalized wild-type peptide
levels in cetuximab treated conditions to normalized wild-type peptide levels in non-
cetuximab treated conditions.
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Isoelectric Focusing of Active RAS Isoforms

SW48-WT RAS, SW48-KRAS G12V and SW48 KRAS G13D cells were cultured in T-75
adherent culture flasks. Cells were grown in growth media alone or growth media with
Cetuximab (20 pg/ml of ) for 48 hours. Media was removed and cells were washed with ice
cold TBS. Cells were scraped in 1 ml of lysis wash buffer (25mM Tris-HCI, pH 7.2, 150mM
NaCl, 5mM MgCI2, 1% NP-40 and 5% glycerol). Cells were lysed on ice and were vortexed
every 10 seconds. Cell lysates were subjugated to RBD co-immunoprecipitation as
previously described above. RBD Co-Immunoprecipitation product was resolved by SDS
PAGE in a 12% polyacrylamide gel. Bands were excised from the 21kD region of the gel.
Gel products were liquified at 95°C for 5 minutes. Protein was extracted and purified
utilizing the ReadyPrep 2-D cleanup Kit (BioRad Laboratories) following manufacturers
protocol. Protein samples were added to 50% glycerol loading buffer and incubated at room
temperature for 20 minutes. Samples and IEF Ladder were resolved on Criterion Bio-Lyte
IEF Gel with a 3-10 pH range (BioRad Laboratories). Gels were run at the following power
conditions with constant voltage: 100V for 60 minutes, 250V for 60 minutes, and 500 V for
30 minutes in a stepwise fashion with a total run time of 150 minutes. The IEF gel was then
soaked in 5% SDS buffer for 24 hours with gentle rocking at 4°C. Protein was
electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Millipore
Corporation) for 1hr at a constant 25V. 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 fluorophore conjugated secondary antibody
(Invitrogen). The protein bands were visualized using the Licor Clx Odyssey imaging station
(Licor Biosystems). Comparative changes were measured with Licor Image Studio software.

Co-immunoprecipitation
H293T cells were individually transfected with the expression plasmid for NF1-Flag, WT
KRAS-GFP, G12V KRAS-GFP, G12D KRAS-GFP or KRAS G13D-GFP. Cells were
harvested in IP Lysis/Wash Buffer (0.025M Tris, 0.15M NacCl, 0.001M EDTA, 1% NP-40,
5% glycerol; pH 7.4 and 1x protease inhibitor) 24 h post-transfection. Whole cell lysates
(500 pg) were pre-cleared for 0.5 h using Control Agarose Resin slurry (Thermo Fisher
Scientific,). Immunoprecipitation was performed by first incubating 800 pl of H293T NF1-
Flag pre-cleared lysate with 200 pl of either WT KRAS-GFP, G12V KRAS-GFP, G12D
KRAS-GFP or G13D KRAS -GFP pre-cleared cell lysate. Each cell lysate mixture had
EDTA (pH 8.0) added to make a final concentration of 10mM. GTP-gamma-S was added to
the solution to a final concentration of 100nM. This solution was incubated at room
temperature for 20 minutes with gentle rocking. The reaction was terminated by adding
MgCl5, to the solution at a final concentration of 50mM. The final steps of the Co-IP were
performed using the Pierce immunoprecipitation Kit (Thermo Fisher Scientific) with
immobilized anti-NF1 Ab (Santa Cruz Biotechnologies, CA). 500 pg of the cell lysate was
added and incubated at room temperature under rotary agitation for 2 h. At the end of the
incubation, the complexes were washed five times with Lysis buffer. The Western blotting
was probed with mouse monoclonal NF1 antibody (Santa Cruz Biotechnologies) and mouse
monoclonal RAS antibody (Thermo Fisher Scientific).
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Lentiviral Transduction

293FT cells were used to generate lentiviral particles by transfection using lipofectamine
2000 (Life Technologies Corporation). Packaging plasmids pMD2G, PMDLg/RRE, and
pRSV/Rev were cotransfected with pCDH NF1-NanoLuc C-term expression plasmid.
Lentivirus containing supernatant was harvested at 48 h and 72 h after transfection. LoVo,
HCT116 and HCT-15 cells were plated in respective media with heat inactivated FBS (10%)
and 2 mM L-Glutamine two days before infection. For infection, LoVo, HCT116 and
HCT-15 cells were transduced with pCDH NF1-nanoLuc lentivirus with polybrene (8 pg/ml)
for 10 hours. The cells were washed and media was replenished and cells were incubated for
48 h. Following this, cells were placed in 1pug/ml puromycin selection for seven days. Cells
were harvested for western blots and MTT assays as described previously.

AKT phosphorylation

The pAKT antibodies were validated by starving WT SW48 cells in RPMI pen/strp media
for 12 hours, cells were stimulated with EGF (50ng/ml) for 5 minutes. Whole cell lysates
were prepared and resolved on 12% polyacrylamide gel. Gels were transferred to PDF
membrane, and probed with anti-phospho-T308 AKT1 rabbit antibody (AB13038, Cell
Signaling Technology), anti-phospho-S473 AKT1 rabbit monoclonal antibody (AB4060,
Cell Signaling Technology) and anti-pan AKT mouse monoclonal antibody (AB2920, Cell
Signaling Technology) in 3% Bovine Serum Albumin solution. Cell lines indicated were
either treated with vehicle-control (Ctrl) or 20ug/ml of Cetuximab for 48 hours. Whole cell
lysates were prepared and analyzed by western blot analysis as previously described.

Bioluminescence Resonance Energy Transfer (BRET) Assay

HEK-293T cells were grown in DMEM 10% FBS without antibiotic. Cells were seeded at
5x103 cells per well in a 96 well white opaque Perkin Elmer microplate. 24 hours after
seeding, cells were co-transfected with a constant concentration 0.1 ug of NF1-NanoLuc
pcDNA expression plasmid and increasing concentrations RAS-EGFP pcDNA expression
plasmid (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.2 pg) with 0.25ul of Lipofectamine 2000 per
well following manufacturers protocol (Thermo Fisher). 24 hours later, media was aspirated
from each well and 25u1 of Nano-Glo Live Cell Reagent was added to each well per
manufacturer’s protocol (Promega). Plates were placed on orbital shaker for 1 minute at 300
RPM. Following incubation, the plate was read on the Tecan Infinite M200 Pro with
LumiColor Dual Setting with an integration time of 1000ms. BRET ratio was calculated
from the dual emission readings. BRET ratio was plotted as a function of the RAS-GFP/
NF1-NanoLuc plasmid ratio. BRET assays were repeated five times, each with 8 biological
replicates.

Statistical Analysis

Significant differences amongst sample groups of greater than or equal to three were
determined by one-way ANOVA followed by post-hoc Tukey’s test for multiple
comparisons with GraphPad Prism7 software. Significant differences amongst two sample
groups was determined by one-tailed unpaired £test. Mass spectrometry was performed
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twice. Every other experiment was performed at least three times, and P values are indicated
in each figure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The KRAS mutant-specific response to anti-EGFR agent cetuximab in CRC.
(A) EGFR signals through the RAS GTPases to drive proliferation. Constitutively active Ras

mutants are active in an EGFR-independent manner and are known to cause resistance to
EGFR inhibitors. (B) The biochemical processes that influence Ras nucleotide binding for
both wild-type and mutant Ras proteins and that are the focus of the mathematical model.
(C) Simulated anti-EGFR dose response from the computational Ras model. (D) MTT
proliferation assays to assess dose responses of KRAS WT SW48 (WT) colon cancer cells
and three derivative isogenic cell lines, each with one of the three most common KRAS
mutants in colon cancer (G12D, G12V, and G13D), to the EGFR-blocking antibody
cetuximab (CTX at dose indicated for 48 hours). Data are means + SD of seven biological
replicates and are representative of three experiments. (E) Two-dimensional colony
formation assay for each cell line in the isogenic panel treated without or with cetuximab
(CTX; 20pg/ml) for seven days. Images are representative of six independent experiments.
(F) Ras binding domain (RBD) pull-down Ras activation assays for isogenic SW48 cells
cultured without and with cetuximab (as in E). Four biological replicates for each condition
were included in each of three independent experiments. (G) Immunoblots of ERK
phosphorylation in whole-cell lysates from isogenic SW48 cells cultured in the presence of
increasing concentrations of cetuximab. Blots are representative of three independent
experiments.
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Fig. 2. The Ras modéd predicts, and experiments confirm, that wild-type Ras activation

distinguishes sensitive from non-sensitive cancer cells.

(A) Simulated anti-EGFR dose response for the Ras model, further subdivided to reveal the
change in active, GTP-bound mutant Ras (left) and the change in active, GTP-bound wild-

type Ras (right), within each modeled genotype. (B) Ras binding domain (RBD) pull-down
Ras activation assays for isogenic SW48 cells (WT, KRAS G12V, and KRAS G13D)
cultured without or with cetuximab. CTX; 20pg/ml) or without cetuximab for 48 hours.
Blots are representative of four independent experiments. (C) Densitometry-based
quantification of the ratio of RasGTP between cetuximab-treated and untreated cells from
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three independent assays represented in (B). The quantified data are means + SD. */<0.05,
one-way ANOVA (F=35.22) with post-hoc Tukey’s test for multiple comparisons between
WT or G13D cells vs. G12V cells for each RAS isoform. (D) Mass spectrometry-based
quantification of the GTP-bound wild-type HRAS, wild-type NRAS, total (both wild-type
and mutant) KRAS, and wild-type H/N/KRAS in cetuximab-treated KRASG12V or
KRASC13D cells relative to untreated counterparts. (CTX; 20ug/ml for 48 hours). Data from
two independent experiments are presented. (E) Isoelectric focusing of excised gel bands
from RBD pull-down lysates, performed upon excised gel bands. Lysates are from isogenic
SW48 cells (WT, KRAS G12V, and KRAS G13D) cultured without or with cetuximab
(CTX; 20pg/ml for 48 hours). Blot is representative of three independent experiments.
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Fig. 3. The Ras modé predicts, and experiments confirm, that mutant-specific interactions with
tumor suppressor NF1 determine whether or not cellsrespond to anti-EGFR agents.

(A) Schematic to explain computational Ras hybrid mutants. G13D, G12D, and G12V have
been described to differ in seven biochemical parameters. 648 different computational
hybrids were generated by considering all of the possible combinations of these
differentiating parameters. For each mutant, the model was evaluated to determine whether
the computational hybrid was sensitive (“Y” in bottom row) or resistant to simulated EGFR
inhibition. Orange indicates a parameter value specific to KRAS G13D, blue a parameter
value specific to G12D, green a value specific to G12V, and black a value specific to KRAS
WT that is also used for a mutant when do specific data is available. Fifteen representative
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hybrid mutants are shown from the 648 total hybrid mutants to visualize how they hybrid
mutants contain combinations of the individual parameters used to model a G13D, G12D, or
G12V mutant. (B) Simulated dose responses for all 648 hybrids, color coded on the basis of
whether the hybrid had the Ras/NF1 Ky, value of the G13D mutant or that of the G12V or
G12D mutant. (C) Co-immunoprecipitation of NF1 with KRAS G12V, G13D, and G12V/
G13D (GG/VD) from mixtures of lysates from NF1-transfected cells with lysates from
RAS-transfected cells. Blots are representative of three independent experiments. (D) MTT
proliferation assays of cetuximab-treated KRAS WT SW48 cells transfected with WT,
G12V, G12D, G13D, G12V/G13D double mutant (GG/VD), or both G12V and G13D
KRAS. (CTX; 20ug/ml for 48 hours). Data are means + SD of eight biological replicates and
are representative of three experiments. Significance was determined with a cutoff of 25%
induced growth and ****P<0.001 when compared to mock transfection by one-way
ANOVA (F=90.69) with post-hoc Tukey’s test for multiple comparisons.
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Mechanism revealed through computational analysis of Ras biochemistry
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Fig. 4. A mechanism for KRAS-allele specific response to anti-EGFR agentswith experimental

validation.

(A) Ina KRAS WT cancer, NF1 ensures there are low levels of RasGTP when EGFR is not
active (or is inhibited). In KRAS G12D and KRAS G12V/ cancers, mutant Ras is active.
Wild-type Ras is also active through the competitive inhibition of NF1 through the non-
productive interaction between these Ras mutants and NF1. In a KRAS G13D cancer,
mutant Ras is active but wild-type Ras remains dependent on EGFR for activation due to the
inability of KRAS G13D to bind NF1. (B) MTT proliferation assays for isogenic SW48 cells
with siRNA knock down of NF1 and/or with cetuximab treatment. (C) MTT proliferation
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assays for isogenic SW48 cells with neurofibromin transfection and/or with cetuximab
treatment. (D) MTT proliferation assays of cetuximab treated KRAS G12D SW48 cells
(left) and KRAS G13D SW48 cells (right) transfected with KRAS WT, G12V, G12D, or
G13D. For B-D, (CTX; 20pug/ml for 72 hours). Data are means = SD of eight biological
replicates and are representative of 3 experiments. */£<0.05 and **/<0.01 by one-way
ANOVA (F>27 for all three graphs) with post-hoc Tukey’s test.
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Fig. 5. Evaluation of proposed mechanism in additional CRC cell lines.
(A) Immunoblot of NF1 expression in an extended panel of CRC cell lines that includes

three KRAS G13D, NF1 mutant, CRC cell lines (LoVo, HCT116, and HCT-15), KRAS WT,
NF1 WT, CaCo2 cells, KRAS G12V, NF1 WT, SW403 cells, and KRAS G12D, NF1 WT,
LS180 cells. Parental, KRAS WT, NF1 WT, SW48 cells are included for comparison. Blots
are representative of three independent experiments. (B) MTT proliferation assays to assess
dose responses of the extended panel of CRC cell lines. (top) Dose responses for the three
KRAS G13D, NF1 mutant, cell lines and for the same three cell lines that have been
transduced to express NF1. (bottom) Dose responses from the three NF1 WT cell lines.
(CTX at dose indicated for 48 hours). Data are means + SD of eight biological replicates and
are representative of three experiments. 1Csq values are presented for sensitive cell lines; (<)
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indicates a resistant cell line. (C) Immunoblot of NF1 expression in the KRAS G13D, NF1
mutant, CRC cell lines (LoVo, HCT116, and HCT-15) after lentiviral transduction with NF1.
Non-transduced SW48, CaCo2, SW403, and LS180 cells are included for comparison. Blots
are representative of 3 independent experiments. (D) Ras binding domain (RBD) pull-down
Ras activation assays and ERK phosphorylation immunoblots for CRC cell lines LoVo,
HCT116, HCT-15, CaCo2, SW403, and LS180, cultured without or with cetuximab (CTX;
20pg/ml for 48 hours). The NF1 mutant cell lines were investigated both in native form and
after transduction with NF1 (+NF1). Blots are representative of 3 independent experiments.
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