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Phase three clinical trial evidence suggests that colorectal cancers with the KRAS G13D mutation may benefit from
EGFR inhibitors, like cetuximab, in contrast to the other most common KRAS mutations. A mechanism to explain
why this mutation behaves differently from other KRAS mutations had long been lacking. Two recent studies have
reproduced KRAS G13D specific sensitivity to cetuximab in cellular models, and both have implicated the tumor
suppressor NF1 as a critical variable in determining sensitivity and resistance. One study proposes a mechanism that
focuses on the inhibition of active, GTP-bound wild-type RAS, which is proposed to occur to a greater extent in
KRAS G13D tumors due to the inability of KRAS G13D to bind NF1 well. The other study suggests NF1 can convert
GTP-bound KRAS G13D to inactive, GDP-bound KRAS G13D. Here, we report an inability to reproduce cellular and
biophysical studies that suggested NF1 has strong GTPase activity on KRAS G13D. We also report additional data
that further suggests only WT RAS-GTP levels are reduced with EGFR inhibition and that KRAS G13D is impaired in
binding to NF1. These new experiments further support a mechanism in which cetuximab inhibits wild-type (HRAS

Background

The Epidermal Growth Factor Receptor (EGFR) proto-
oncogene has proven to be a valuable target in multiple
types of cancer, including colorectal, lung, and head and
neck cancer [1]. Upon ligand binding, EGFR dimerizes
and its kinase domain becomes catalytically active [2].
Trans-phosphorylation of tyrosine residues on EGFR al-
lows for the recruitment of proteins that harbor Src
Homology 2 (SH2) and/or Protein Tyrosine Binding
(PTB) domains, both of which are capable of binding to
phospho-tyrosine residues [3]. These protein-protein in-
teractions lead to the activation of multiple signaling
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pathways, including the RAS/RAF/MEK/ERK Mitogen
Activated Protein Kinase (MAPK) cascade [4].

Mutations to members of the EGFR-RAS signaling
pathway that result in a net activation of this pathway
are common in a wide-variety of cancers. Mutant forms
of many of these proteins, including EGFR and BRAF,
have proven to be valuable drug targets for which small
molecule inhibitors have been developed and received
FDA-approval [5, 6]. Mutations within this pathway can
also cause resistance to treatments that target this path-
way. For example, the presence of a KRAS mutation has
long been recognized as a marker of resistance to EGFR
inhibitors (EGFRi) for patients with colorectal cancer
(CRC) [7].

The RAS GTPases (KRAS, NRAS, and HRAS) are key
intermediaries of the proliferation signals from EGFR.
Oncogenic KRAS mutations are constitutively active in
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an EGFR independent manner and can activate the same
effectors as wild-type RAS-GTPases. The three RAS
GTPases all have mutation “hot-spots” at codons 12, 13,
and 61 [8]. These mutations result in impaired GTPase
activity and, most importantly, lack of sensitivity to Ras
GTPase Activating Proteins (GAPs) that efficiently con-
vert RAS-GTP to RAS-GDP [9]. Several different RAS
GAPs have been identified [10]. The RAS GAP Neurofi-
bromin (NF1) is known to play an important role in
maintaining low levels of RAS-GTP in unstimulated
cells, with loss-of-function NF1 mutations being com-
mon in cancer [11]. Oncogenic RAS insensitivity to
GAP mediated inactivation follows from loss of key
structural arrangements necessary for GTP hydrolysis
[12]; although GAPs can typically bind to oncogenic
mutant RAS proteins they are generally unable to
promote hydrolysis as well as they can for wild-type
RAS proteins [13].

Biochemical characterizations have revealed additional
variations between individual hotspot RAS mutations
[14]. For example, KRAS G13D (in which the thirteenth
amino acid of KRAS, which is normally a Glycine, “G”, is
replaced with an Aspartic Acid, “D”) has an elevated rate
of spontaneous nucleotide exchange [14] and has been
reported to be impaired at binding to NF1 [13].

As oncogenic KRAS mutants were constitutively active
in an EGFR independent manner and can typically bind
to the same downstream effectors as wild-type RAS pro-
teins, it seemed logical to assume that all constitutively
active KRAS mutations would cause resistance to EGFRI.
Surprisingly, a retrospective analysis of phase three clin-
ical trial data found that KRAS G13D was an exception
to this rule [15]. A mechanism to explain why KRAS
G13D behaves differently has been lacking, and the
determination of this mechanism has been considered
necessary for the retrospective studies to be used for pa-
tient management [16].

Two recent studies report investigations of this prob-
lem and present a mechanistic basis for this KRAS
G13D-specific behavior [17, 18]. Both of these studies
implicate NF1 as a critical variable that influences
whether or not a KRAS mutant is sensitive to EGFRIi.
However, each study presents a different mechanism.
The key difference in the two studies is whether EGFRi
results in reduced GTP-bound mutant KRAS G13D (the
Rabara et al mechanism [18]) or reduced wild-type
(WT) NRAS and HRAS (the McFall et al mechanism
[17]). Rabara et al posit that KRAS G13D retains sensi-
tivity to NF1, and that inhibition of EGFR can thereby
result in a reduction of active, GTP-bound, KRAS G13D
through NF1 activity on KRAS G13D [18].

In contrast, McFall et al propose that the treatment of
KRAS G13D CRC with EGFRi results in a reduction of
NRAS-GTP and HRAS-GTP, with no change in active
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KRAS G13D [17]. Through mathematical modeling of
the cellular processes that regulate RAS signaling,
McFall et al revealed that NF1 can be competitively
inhibited by KRAS mutants that bind NF1 well. This ef-
fectively reduces NF1 GAP activity on WT RAS-GTP
and thereby promotes increased net activation of WT
RAS proteins in an EGFR-independent manner [19]. In
contrast, mathematical modeling revealed that KRAS
G13D, which does not bind NF1 well, does not prevent
NF1 from promoting GTP hydrolysis on WT RAS. This
leaves WT RAS dependent upon other factors (such as
EGFR) for activation [17].

Both groups presented experimental evidence that
supports their distinct mechanisms. As uncertainty may
cause clinicians to delay utilizing EGFRi on KRAS G13D
CRC patients, it is important to resolve the apparent dis-
crepancy between these studies.

Results and discussion

Cellular studies of NF1 activity on KRAS G13D

Rabara et al described an experiment where they ectopi-
cally overexpressed NF1 in HCT-116 colorectal cancer
cells (which are NF1 null and harbor a KRAS G13D mu-
tation). They reported witnessing a reduction in KRAS-
GTP upon NF1 overexpression [18]. This differs from
the experiments we had performed, where we observed
decreases in HRAS-GTP and NRAS-GTP, but not
KRAS-GTP. To investigate, we performed the same ex-
periment described by Rabara et al. Of critical import-
ance, the methods of Rabara et al state that they utilized
a KRAS antibody that was provided within a commercial
Ras-Binding Domain (RBD) Ras-activation measurement
assay; however, this kit does not provide a KRAS specific
antibody. Instead, the kit supplies a pan-RAS antibody
that detects HRAS, NRAS, and KRAS. We therefore per-
formed this same experiment both with the RBD Kkit’s
pan-RAS antibody and a separate KRAS-specific anti-
body to determine whether their experiment was detect-
ing reductions in KRAS-GTP or reductions in total
HRAS-GTP, NRAS-GTP, and KRAS-GTP. When we use
the pan-RAS antibody we observe reduced total RAS-
GTP in the NF1 transfected cells, however, when we
probe with the KRAS-specific antibody we observe no
change in KRAS-GTP (Fig. la). Based upon the de-
scribed methods in Rabara et al, we propose that Rabara
et al misinterpreted a reduction in HRAS-GTP and
NRAS-GTP for a reduction in KRAS-GTP due to a
misattribution of a pan-RAS antibody as a KRAS-
specific antibody.

We considered the possibility that the level of NF1
expression varied between the two studies. To investi-
gate whether increased levels of NF1 expression might
result in reduced KRAS-GTP, we transduced HCT-116
cells with NF1 and generated three different clonal
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Fig. 1 Evaluation of NF1 mediated hydrolysis of mutant and WT RAS. a Active Ras RBD pull down assays were performed on HCT-116 cells
transfected to overexpress NF1. n=1. b Immunoblots of HCT-116 clones that overexpress NF1 (left). n = 3. ¢ Densitometry-based quantification of
immunoblots, with means +/— SD, from three independent assays represented in (b). d RAS-GTP levels as measured by RBD pull-down followed
by IEF to separate KRAS, HRAS, and NRAS in accordance with the isoelectric point (pl) of each. n= 3. e Densitometry based quantification of
immunoblots, with means +/— SD, from three independent assays represented in (d). f Densitometry data from E, normalized to total RAS in the
parental line. Indicated P-values are from One Way Anova followed by post-hoc Tukey's test for multiple comparisons

populations that each expressed NF1 at a different level.
We combined isoelectric focusing (IEF) with the RBD
Ras-activation assay to distinguish between KRAS-GTP,
NRAS-GTP, and HRAS-GTP. We observed decreasing
levels of NRAS-GTP and HRAS-GTP with increasing
levels of NF1 expression without change in KRAS-GTP
(Fig. 1b,c). This argues that NF1 cannot effectively re-
duce KRAS-GTP levels within cancer cells, even when
highly overexpressed.

Biophysical studies of NF1 activity on KRAS G13D

Rabara et al also presented biophysical data that
showed NF1-333 [20] converting KRAS G13D-GTP to
KRAS GI13D-GDP at a rate essentially equivalent to
that measured for KRAS WT (WT kgps=0.0528 +
0.0224s™ " vs. G13D kb = 0.0346 +£0.0179s™ ). We in-
dependently assessed NF1-333 GAP activity on KRAS

G13D, KRAS G12D, and KRAS WT (Fig. 2a,b). Al-
though we also detected NF1-stimulated GTP hydroly-
sis for KRAS G13D, the observed rate was ~ 0.4% of
that measured for the GAP activity of NF1-333 on
KRAS WT (WT Kgps=0.6320 +0.0020s ' vs. G13D
Kobs = 0.0026 + 0.0001s™'). These experiments were
carried out using 1 uM KRAS-GTP and 100 nM NF1-
333. We also performed these experiments for an ex-
tended range of NF1-333 concentrations (Fig. 2c).
These data further highlight that GTP hydrolysis by
NF1-333 was largely impaired for KRAS G13D relative
to KRAS WT. Differences in experimental conditions
may partially account for the discrepancy between our
observed hydrolysis rates and those of Rabara et al,
however, our cellular and biophysical data together
argue that NF1 activity on KRAS G13D is not likely to
be physiologically meaningful.
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Fig. 2 Biophysical evaluation of NF1 mediated hydrolysis on KRAS G13D. a Stimulation of the GTPase activity of KRAS 4B proteins by NF1-333.
Reactions contained 1 uM KRAS 4B and 100 nM NF1-333. The arrow indicates the time point of NF1-333 addition. b The rates (kops) of phosphate
(P)) release. The numbers above the bars indicate the fold stimulation for the NF1-catalyzed reaction (100 nM NF1-333) over the unstimulated
reaction (0 nM NF1-333) for each KRAS 4B protein (1 uM). n=2. ¢ the rate of P; release as a function of NF1-333 concentration for each KRAS 4B
protein. n=2

BRET studies to evaluate KRAS mutant binding to NF1
Previously, we utilized BRET to quantify the binding of
GFP-tagged KRAS G12V, KRAS G13D, and KRAS WT
with NF1, and we detected that KRAS G13D bound to
NF1 (NF1-NanoLuc) less strongly than did KRAS G12V
[17]. Reduced binding to NF1 is essential for the mech-
anism we propose [17, 21]. Here, we reproduce our pub-
lished BRET study and include KRAS GI12D to
investigate a broader panel of KRAS mutants resistant to
EGEFRI. In this new study, we observe KRAS G12D binds
to NF1 at a level comparable to KRAS G12V, consistent
with our proposed mechanism (Fig. 3a).

We wished to further investigate the relative ability of
KRAS G12V, G12D and G13D to bind to NF1. For this
we adapted our BRET assay to evaluate whether Flag-
tagged KRAS proteins, which do not produce a BRET
signal with NF1-NanoLuc (Fig. 3a), can be used to

compete with GFP-tagged KRAS G12V. We observed
that both Flag-tagged KRAS G12V and KRAS GI12D
competed with KRAS G12V-GFP for binding to NF1, as
evidenced by a reduction in the BRET signal, while Flag-
tagged KRAS G13D could not (Fig. 3b). To investigate if
the residual BRET signal observed in cells expressing
KRAS G13D-GFP and NF1-NanoLuc is due to their spe-
cific interaction, we co-transfected Flag-tagged KRAS
proteins. Flag-tagged KRAS G12V, KRAS G12D, or
KRAS G13D did not reduce the measured BRET re-
sponse suggesting the low-level BRET signal is due to
non-specific interactions between GFP and NanoLuc
(Fig. 3¢).

Conclusions
The study presented here proposes that the therapeutic
response of KRAS G13D CRC to EGFRi follows from
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reductions to WT HRAS-GTP and WT NRAS-GTP.
This work suggests that NF1 activity on KRAS G13D
does not occur to a large extent, and that it is not occur-
ring within cancer cells as no changes in KRAS-GTP
were detected even at high levels of NF1 expression. Of
note, much of the data presented by Rabara et al, includ-
ing 1) the sensitivity of isogenic KRAS G13D SW48 cells
to EGFRIi relative to isogenic KRAS G12D SW48 cells
and 2) the identification that NF1 expression is a critical
variable that modulates sensitivity to EGFR, are consist-
ent with our model that reductions in WT HRAS-GTP
and WT NRAS-GTP underlie the sensitivity of KRAS
G13D colorectal cancer cells to EGFRi [17]. Additionally,
co-mutations of NF1 with KRAS G13D and other muta-
tions of G13 (ex. KRAS G13V and G13C) can be con-
sistent with both mechanisms, as both suggest NF1
mutations result in elevated total RAS-GTP levels. Add-
itional studies will be needed to determine whether
other KRAS G13 mutations are impaired at binding to
NF1, are sensitive to NF1 GAP activity, and/or whether
co-mutation occurs due to another mechanism [22].

Methods

Cell culture

HCT116 cells were purchased from American Type Cul-
ture Collection (ATCC) were grown in McCoy’s 5A
medium with FBS (10%), penicillin (100 U/ml), strepto-
mycin (100 pg/ml), l-glutamine (2 mM) and incubated at
37°C in 5% CO2 unless indicated otherwise in experi-
mental methods.

Cell transfection

Cells were plated in a 10 cm plate at a density of 6 x 10°
in antibiotic- free medium. Twenty-four hours later, cells
were transfected with expression plasmids packaged in
Lipofectamine 2000 (ThermoFisher) containing 5 ug of
DNA following manufacturers protocol. Cell lysates were
prepared 24 h post transfection for RAS activity analysis.

RAS activity assay

Isolation of active RasGTP was performed using the
Active Ras Pull- Down and Detection Kit (Thermo-
Fisher) following the manufacturer’s protocol. Ras abun-
dance was measured by Western blot. Western blot
analysis of RBD pull-down lysates was performed with
mouse anti-KRAS antibody (WHO0003841, Sigma),
mouse anti-pan-RAS antibody (1,862,335, Thermo-
Fisher), mouse anti-GAPDH (sc-4772, Santa Cruz Bio-
technology) mouse anti-phosphorylated ERK (675,506,
Biolegend), Rat anti-ERK (686,902, Biolegend), mouse
anti-NF1 (sc-376,886, Santa Cruz Biotechnology) .
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HCT116 NF1+ clone generation

293FT cells were used to generate lentiviral particles by
transfection using Lipofectamine 2000 (Life Technolo-
gies Corporation). Packaging plasmids pMD2G, PMDLg/
RRE, and pRSV/Rev. were co-transfected with pCDH
NF1-NanoLuc C-term expression plasmid. Lentivirus
containing supernatant was harvested at 48 and 72h
after transfection. HCT116 were plated in McCoy’s 5A
media with heat-inactivated FBS (10%) and 2 mM I-glu-
tamine 2 days before infection. For infection HCT116
were transduced with pCDH NF1-nanoLuc lentivirus
with polybrene (8 ug/ml) for 10h. The cells were
washed, medium was replenished, and cells were in-
cubated for 48 h in normal growth media. After this,
cells were plated in 10 cm dishes at a density of 100
cells per plate in selection media (puromycin:1 pg/ml).
When colonies formed (>50 cells), colonies were ex-
tracted with cloning cylinders and expanded in indi-
vidual 60 mm plates.

RBD-IEF

HCT116 parental cells and NF1-clones were cultured in
10cm culture dishes. Medium was removed, and cells
were washed with ice- cold tris-buffered saline. Cells
were scraped in 1ml of lysis wash buffer [25 mM tris-
HCl (pH7.2), 150 mM NaCl, 5mM MgCI2, 1% NP-40,
and 5% glycerol]. Cells were lysed on ice and vortexed
every 10s. Cell lysates were subjugated to RBD coimmu-
noprecipitation as previously described above. RBD
coimmunoprecipitation product was resolved by SDS—
polyacrylamide gel electrophoresis in a 12% polyacryl-
amide gel. Bands were excised from the 21-kDa region
of the gel. Gel products were liquified at 95 °C for 5 min.
Protein was extracted and purified using the ReadyPrep
2-D Cleanup Kit (BioRad) following the manufacturer’s
protocol. Protein samples were added to 50% glycerol
loading buffer and incubated at room temperature for
20 min. Samples were resolved on Criterion Bio-Lyte
IEF Gel with a 3 to 10 pH range (Bio-Rad Laborator-
ies). Gels were run at the following power conditions
with constant voltage: 100 V for 60 min, 250 V for 60
min, and 500V for 30 min in a stepwise fashion with
a total run time of 150 min. The IEF gel was then
soaked in 5% SDS buffer for 24 h with gentle rocking
at 4°C. Protein was electrophoretically transferred to
PVDF membranes (Millipore Corporation) for 1h 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 (ThermoFisher) and the
anti-mouse DyLight 800 fluorophore-conjugated sec-
ondary antibody (Invitrogen). The protein bands were
visualized using the Licor CLx Odyssey imaging sta-
tion (Licor Biosystems).
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Protein expression and purification

A human KRAS 4B DNA fragment encoding residues
1-185 (C185S) was subcloned into pProEx HTb in
frame with an N-terminal His¢-tag for protein expres-
sion. Site-directed mutagenesis was subsequently per-
formed to generate KRAS 4B GI12D and GI13D
expression constructs. A pQlinkHG-k NF1 expression
construct encoding NF1 residues 1197-1528 (NF1-333)
fused to an N-terminal His6/GST-tag was a generous
gift from S. Campbell (University of North Carolina,
Chapel Hill). Protein expression was carried out using
Rosetta2 BL21(DE3) cells (Novagen). Bacterial cultures
were grown in TB/AMP/CHL at 37 °C to an ODggo of
0.6 and then induced with 0.1 mM IPTG for ~ 18 h with
continuous shaking at 22 °C. Bacterial cell pellets were
resuspended in buffer N1 (20 mM Tris pH 8.0, 300 mM
NaCl, 5% glycerol and 10 mM imidazole) then lysed
using an Emulsiflex C5 homogenizer (Avestin). Lysates
were clarified by centrifugation at 40,000 x g at 4°C
for 30 min and loaded onto a 5ml HisTrap column
(Cytiva) equilibrated in N1, then protein was eluted
in N1 containing 300 mM imidazole. Eluted proteins
were incubated with the TEV protease overnight to
release the N-terminal affinity tags while being dia-
lyzed in SEC buffer (20mM Tris pH8.0, 200 mM
NaCl, 2mM DTT and 5% glycerol) and subsequently
loaded onto an HiLoad Superdex 200 pg size exclu-
sion column (Cytiva; 16/600) equilibrated in SEC buf-
fer. Fractions containing purified KRAS4B or NF1-
333 proteins were pooled, concentrated in a 10K
MWCO Spin-X UF (Corning) 20ml concentrator,
snap frozen in liquid N2 and stored at — 80 °C.

Biophysical characterization of NF1 activity

Stimulation of the GTPase activity of KRAS 4B proteins
(residues 1-185) by NF1-333 [20] was monitored using
the fluorescent phosphate sensor, MDCC-PBP [23] and
a Varian Cary Eclipse fluorescence spectrophotometer.
Reactions were carried out using 1 uM KRAS-GTP, 0-
1000 nM NF1-333 and 1.5uM MDCC-PBP in a buffer
containing 20 mM Tris-HCI pH 7.6, 50 mM NaCl and 2
mM MgCl,. Rates (k,ps) of phosphate (P;) release were
determined by fitting the fluorescence data as one phase
associations in GraphPad Prism.

Bioluminescence resonance energy transfer (BRET) assay

Human embryonic kidney (HEK)-293T cells were
grown in DMEM/10% FBS without antibiotic. Cells were
seeded at 5 x 10> cells per well in a 96-well white opaque
Perkin Elmer microplate. Twenty-four hours after seed-
ing, cells were cotransfected with a constant concentra-
tion of 0.1pg of NF1-NanoLuc pcDNA expression
plasmid and in- creasing concentrations of RAS-EGFP
pcDNA or RAS-FLAG pcDNA expression plasmid (0,
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0.05, 0.1, 0.2, 0.4, and 0.8) with 0.25 pl of Lipofectamine
2000 per well following the manufacturer’s protocol
(ThermoFisher). Twenty-four hours later, medium was
aspirated from each well and 25 pl 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.
BRET ratio was plotted as a function of the RAS-GFP/
NF1-NanoLuc plasmid ratio. Competitive BRET was
performed by transfecting equal (0.2 pg) amounts of
donor (RAS- EGFP pcDNA) and competing (RAS-FLAG
pcDNA) plasmids with 0.1 pg of NF1-nanoLuc pcDNA
plasmid. BRET assays were repeated three times, each
with eight biological replicates.

Abbreviations

CRC: colorectal cancer; EGFR: Epidermal Growth Factor Receptor; EGFRi: EGFR
inhibitor; G12D: glycine at codon 12 replaced with aspartic acid;

G12V: glycine at codon 12 replaced with valine; G13D: glycine at codon 13
replaced with aspartic acid; GAP: GTPase Activating Protein; GFP: Green
fluorescent protein; IEF: Isoelectric focusing; PTB: Protein Tyrosine Binding;
RBD: Ras Binding Domain; SH2: Src Homology 2; WT: wild-type
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