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Simple Summary: Cancer is caused by changes in DNA called mutations that alter the way proteins
work. We know that RAS proteins are one of the most commonly mutated proteins in cancer cells.
These proteins work like a light switch and mutant RAS remain in the ON position sending signals
to the cell to keep dividing when they should not. Until recently it was thought that all RAS muta-
tions were equal but differences among these mutants have been identified. Here we used a tech-
nique called proteomics to decipher the differences among RAS mutants. We find that each mutant
binds a different set of proteins and can regulate different signals. We also find that a clinically
approved drug that inhibits one RAS

mutant regulates the interaction of RAS proteins with other proteins. Our findings extend our
knowledge of how the RAS mutants work, which can potentially be used to improve cancer treat-
ments.

Abstract: RAS proteins are key regulators of cell signalling and control different cell functions in-
cluding cell proliferation, differentiation and cell death. Point mutations in the genes of this family
are common, particularly in KRAS. These mutations were thought to cause the constitutive activa-
tion of KRAS, but recent findings showed that some mutants can still cycle between active and in-
active states. This observation, together with the development of covalent KRASG12C inhibitors,
has led to the arrival of KRAS inhibitors in the clinic. However, most patients develop resistance to
these targeted therapies, and we still lack effective treatments for other KRAS mutants. To accelerate
the development of RAS targeting therapies we need to fully characterise the molecular mecha-
nisms governing KRAS signalling networks and determine what differentiates signalling down-
stream of the KRAS mutants. Here we have used affinity purification mass-spectrometry prote-
omics to characterise the interactome of KRAS wild-type and three KRAS mutants. Bioinformatic
analysis associated with experimental validation allows us to map the signalling network mediated
by the different KRAS proteins. Using this approach, we characterised how the interactome of
KRAS wild-type and mutants is regulated by the clinically approved KRASG12C inhibitor Sotora-
sib. In addition, we identify novel crosstalks between KRAS and its effector pathways including the
AKT and JAK-STAT signalling modules.
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1. Introduction

The three genes of the RAS family HRAS, KRAS and NRAS code for 4 proteins and were
described 40 years ago [1]. These proteins are members of the small GTPase superfamily,
and they cycle between an inactive state when they are bound to GDP and an active state
when they exchange GDP for GTP [2]. Inactivation occurs when GTP is hydrolysed to
GDP in a reaction that can be catalysed by RAS proteins intrinsic GTPase activity. How-
ever, the activation switch of RAS proteins is tightly regulated by several proteins includ-
ing the guanine nucleotide exchange factors (GEFs) that promote the exchange of GDP for
GTP and the RAS GTPase activating proteins (GAPs) that accelerate the hydrolysis of
GTP. Activated RAS-GTP binds to effector proteins that are ultimately responsible for the
(patho)physiological functions mediated by RAS proteins including proliferation, migra-
tion and differentiation [3]. Extensive work has identified more than 20 bona fide and
putative RAS effectors [2]. However, despite intensive research we still lack a clear picture
on how these proteins regulate their complex signalling networks.

Mutations of the RAS family of genes are common in cancer and they are driving
oncogenes in some of the cancer types with higher prevalence [4]. In cancer cells the three
genes are mutated at different rates. KRAS is the most commonly mutated gene (85% of
mutations), followed by NRAS (14%), while HRAS mutations are less frequent (~1%) [4].
Traditionally, hyperactivating mutations of RAS proteins were thought to lock RAS in the
active GTP-bound state, due to the conformational changes in protein structure caused by
mutations in RAS [1]. However, recent evidence has disproved this dogma as it has been
shown that many KRAS mutants retain varying levels of GTPase activities [5-9]. The cur-
rent view is that the amino acid substitution involved is the determining factor of KRAS
mutant GTPase activity, and subsequent activation of downstream pathways [7]. Bio-
chemical studies have determined that the KRASG13D mutant has the highest GTPase
activity with a 14 times faster GDP-GTP exchange rate than wild-type KRAS (hence forth
KRAS WT) and 9 times slower GAP-mediated GTP hydrolysis rate [6,9]. In clear contrast,
KRASG12V shows a 1.8-fold reduced GDP-GTP exchange rate but it is insensitive to GAP-
mediated GTP hydrolysis [6]. However, the determination of the GTPase activity of the
different KRAS mutants is not completed and conflicting results in a study performed in
MCF10A breast cancer cells found that KRASG12D and KRASG13D mutants had similar
GTPase activity to KRAS WT, but that KRASG12C and KRASG12V had higher GTP-bind-
ing [7]. Importantly, the binding of many KRAS effectors is GTP-dependent, including the
best characterised KRAS effectors RAF1, PI3K RALGDS and PLCe [10,11]. Thus, the fact
that the different mutants are still regulated by GTP/GDP exchange could indicate that
different KRAS mutants can have different affinities for interacting proteins and some
mutations could result in the formation of oncogenic neo-interactions with proteins that
do not bind to KRAS WT. This hypothesis is supported by recent data showing that KRAS
interaction affinity with the RAF RAS-binding domain (RBD) decreases, dependent on the
mutation present at KRAS codons 12, 13, and 61 [9]. In this case KRASG13D, KRASQ61L,
KRASG12A, and KRASG12C mutants had only slightly lower interaction affinity with
RAF-RBD when compared to KRAS WT. Conversely, KRASG12V, KRASG12D, and
KRASG12R mutants had significantly lower interaction affinity with RAF-RBD. Thus, dif-
ferent types of KRAS mutations could profoundly change the interaction with effectors
and downstream signalling.

Importantly, in the last decades there has been a paradigm change in the way we ap-
proach the development of targeted therapies against RAS-driven tumours. For decades,
RAS proteins were considered undruggable. The development of a series of covalent in-
hibitors specific for KRASG12C and the FDA approval of Sotorasib (AMG510) and
Adagrasib demonstrate that we can develop effective RAS inhibitors, at least for some of
the most common mutants [12]. Unfortunately, while the initial response rates to Sotora-
sib and Adagrasib are promising, ranging from 32% to 46% respectively in non-small cell
lung cancer (NSCLC), resistance inevitably develops in these patients [13]. These drugs
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can also lead to severe side effects in the patients and more information is necessary to 97
fully characterise their mechanism of action [14]. 98
Traditionally, all KRAS point mutations observed in human tumours were considered 99
to mediate their transforming potential through the same effector pathways. Importantly, 100
increasing evidence shows that specific mutations are associated with different transform- 101
ing potential and differential regulation of metastasis in various cell and animal models 102
[7,15]. The existence of pathophysiological differences among the different mutant KRAS 103
is further supported by clinical observations indicating that patients with mutant KRAS 104
colorectal cancer may respond to targeted therapy depending on the type of point muta- 105
tion they express [16]. In particular, KRASG13D but not KRASG12V tumours were shown 106
to be sensitive to EGFR inhibition. These differences are likely related to the different 107
GTPase activity of these mutants which likely result in different interactomes associated 108
with specific KRAS mutants. For this reason, in the past few years, several groups have 109
performed affinity purification mass-spectrometry (AP-MS) studies to characterise the 110
specific interactome of several mutant KRAS [10]. Collectively, these studies clearly sup- 111
port the existence of specific mutant KRAS interactomes. 112
Here we extend these studies using AP-MS to compare the interactome of KRAS WT, 113
KRASG12V and KRASG13D in non-tumoral and tumoral cell lines. Using AP-MS we 114
identify specific transient interactors and novel RAS interactors. We have experimentally 115
validated our findings extending our studies to other KRAS mutants, demonstrating that 116
KRAS mutants have different affinities for some of their interactors including SOS1. In 117
light of these findings, we applied our AP-MS proteomic approach to characterise the ef- 118
fect of Sotorasib on the interactome of KRASG12C and KRAS WT. Our findings show a 119
regulation of the KRASG12C interactome by this drug. Surprisingly, we also see a Sotora- 120
sib-mediated regulation of KRAS WT interacting proteins and an activation of AKT. Our 121
analysis identifies a novel interaction of KRASG12C with JAK1, with an unexpected reg- 122
ulation of KRAS protein expression by the JAK pathway. We also identified proteins of 123
the AKT pathway which may be involved in the activation of AKT. Altogether, our results 124
expand our understanding of KRAS signalling networks and give mechanistic insights 125

into why not all KRAS mutants are created equal. 126
2. Materials and Methods 127
Cell culture and transfection 128

HEK?293 (ATCC), RAS-less mouse embryonic fibroblasts (MEF) isogenic cell lines [17] 129
(from the RAS initiative at Frederick National Laboratory) and HKe-3 (Shirasawa et al., 130
1993) cells were maintained in T75 flasks at 37°C in 95% humidified air containing 5% CO: 131
in HEPA class 100 steri-cycle CO: incubator (Thermo Electron Corporation, Finland) and 132
cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Foetal Bovine 133
Serum and 2mM L-glutamine (all from Gibco, MA, USA). NIH3T3 (ATCC) cells were 134
maintained at similar conditions and cultured in filtered DMEM containing 10% Calf Se- 135
rum (Sigma-Aldrich, MA, USA) and 2mM L-glutamine. Cells were transfected with 136
Lipofectamine 2000 (Invitrogen, MA, USA), according to the manufacturer’s instructions. 137
All cells have been validated by genome sequencing in the last 12 months. For stimulation 138
with EGF (Roche, Switzerland), following 24h transfection of HEK293 cells, cells were 139
starved for 16h prior to stimulation with 3uM EGF for 5 and 10 minutes and cells were 140
then lysed. Cells were treated with 5uM Sotorasib (MedChemExpress, NJ, USA) and 5uM 141
Ruxolitinib (SelleckChem, Germany) for 24h in normal growth conditions prior to protein 142
extraction by cell lysis. 143

Immunoblotting, Antibodies and reagents 144

Cell extract protein concentrations were measured by Pierce BCA assay (Invitrogen) 145
as outlined by the manufacturer’s instruction. Extracts and IPs were denaturalised and 146
analysed by SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes 147
(Millipore, Germany), and blotted with commercial antibodies. Rabbit polyclonal RADIL 148
(Proteintech, UK), monoclonal anti-FLAG M2-HRP (MERK, Germany), mouse 149



Cancers 2023, 15, x FOR PEER REVIEW 4 of 27

monoclonal a-Tubulin antibody (TU-02; Santa Cruz, CA, USA), rabbit polyclonal GAPDH 150
(Cell Signaling, MA, USA), goat polyclonal RIN1 (N-19; Santa Cruz), mouse monoclonal 151
p-ERK (E-4; Santa Cruz), rabbit polyclonal ERK1 (C-16; Santa Cruz), rabbit polyclonal p- 152
5473-AKT (Cell Signaling), rabbit polyclonal AKT1 (N-19, Santa Cruz), rabbit polyclonal 153
Vinculin (Cell Signaling), mouse monoclonal BRAF (F-7; Santa Cruz), mouse monoclonal 154
KRAS (F234; Santa Cruz), rabbit polyclonal MEK (12-B; Santa Cruz), rabbit polycloncal p- 155
5217/221-MEK (Cell Signaling), mouse monoclonal panRAS (Ab-3; EMD Millipore, Ger- 156
many), mouse monoclonal RAF1 (E-10; Santa Cruz), rabbit polyclonal p-5289/296/301- 157
RAF1 (Cell Signaling), rabbit polyclonal SAPK/JNK (Cell Signaling), rabbit polyclonal p- 158
T183/Y185-SAPK/INK (Cell Signaling), rabbit polyclonal STAT5 (C-17; Santa Cruz), rabbit 159
polyclonal p-Y705-STAT3 (Cell Signaling), rabbit polyclonal JAK1 (HR-785; Santa Cruz), 160
rabbit polyclonal p-Y1034/1035-JAK1 (Cell Signaling), rabbit polyclonal Cleaved Caspase 161
3 (Cell Signaling), mouse monoclonal AU5 (Covance, NJ, US). 162

Constructs and siRNA 163

Constructs encoding pCEFL-FLAG-KRAS WT, pCEFL-FLAG-KRASG13D, pCEFL- 164
FLAG-KRASG12V, pCEFL-FLAG-KRASG12C, pCEFL-FLAG-KRASGI12D, pCEFL-HA- 165
NRASGI12V, pCEFL-HA-KRAS WT, pCEFL-HA-KRASG13D, pCEFL-HA-KRASGI2V, 166
pCEFL-HA-KRASG12C, pCEFL-HA-KRASG12D, and pCEFL-AU5-SOS1 have been de- 167
scribed before [18-21]. Small interfering RNAs (siRNAs) against RADIL human (SO- 168
2776281G) and mouse (5O-2858456G) and non-targeted were from Dharmacon/Horizon 169
(CO, USA). 170

Immunoprecipitation (IP) and in beads tryptic digestion. 171

Cells were transfected with pCEFL-FLAG-KRAS-WT, -G13D, -G12V, -G12C, -G12D, 172
and lysed after 48 hours in 25mM HEPES (pH7.5), 150mM NaCl, 10mM MgCLl, ImM 173
EDTA (all Sigma-Aldrich), 1% NP-40 (Calbiochem, MA, USA), protease and phosphatase 174
inhibitors (Roche). Cellular debris was removed by centrifugation at 20,000 g at 4°C for 10 175
minutes. Baits were immunoprecipitated with anti-FLAG M2 conjugated agarose beads 176
(Sigma-Aldrich). After 2h incubation at 4°C, immunoprecipitates were washed twice with 177
lysis buffer containing 1% NP-40 and separated by SDS-PAGE. Blots were quantified us- 178
ing Image]. For immunoprecipitation of endogenous RADIL the lysates were incubated 179
with 10uL Protein-G Sepharose beads (Sigma-Aldrich) with 2.6pg/mL RADIL antibody at 180
4°C for 2h. Samples used in the MS analyses were immunoprecipitated with anti-FLAG 181
M2 conjugated agarose beads, performed as above but after 2h incubation at 4°C the im- 182
munoprecipitates were digested with proteases as described before [22]. Briefly, immuno- 183
precipitates were washed three times with lysis buffer containing 1% NP-40 and twice 184
with lysis buffer that does not contain NP-40. Proteins were eluted from beads with 2M 185
Urea, 50mM Tris-HCI (pH7.5) containing 5ug/mL modified sequencing-grade trypsin 186
(Promega, WI, USA) for 30min. Proteins were digested in 2M Urea, 50mM Tris-HCl pH7.5, 187
and ImM DTT (all from Sigma-Aldrich) containing 5ug/mL modified sequencing-grade 188
trypsin overnight at room temperature. Peptides were alkylated using iodoacetamide 189
(bmg/mL) and incubated in the dark for 30 minutes at room temperature. C18 Stage Tips 190
were used to desalt samples, as described by [23] and analysed by mass spectrometry. For 191
double digestion, proteins were denatured in 8M Urea and reduced in ImM DTT for 30 192
minutes at room temperature. Proteins were alkylated in the dark for 30 minutes at room 193
temperature with iodoacetamide (3mM). Proteins were digested in 8M Urea containing 194
3ng/uL Lysyl Endopeptidase (Lys-C, Wako, Japan) for 4 hours at 37°C. Samples were di- 195
luted to a final concentration of 2M Urea and digested again overnight with 3ng/uL mod- 19
ified sequencing grade trypsin. C18 Stage tips were used to desalt samples, as before, and 197
analysed by mass spectrometry. 198

Mass spectrometry analysis of affinity purification-MS (AP-MS) 199

Experiment IP KRAS WT, KRASG12V and KRASG13D: the samples were run on a Ther- 200
moScientific Q-Exactive mass spectrometer (ThermoFisher Scientific) connected to Dionex 201
Ultimate 3000 (RSLCnano, ThermoFisher) chromatography system. Tryptic peptides were 202
resuspended in 0.5% acetic acid, 2% acetonitrile (both Sigma-Aldrich). Each sample was 203
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loaded onto a fused silica emitter, 75pum ID, pulled using a laser puller (Sutter Instruments 204
P2000, CA, USA), packed with Reprocil Pur C18 (1.9um, Germany) reverse phase media 205
and was separated by an increasing acetonitrile gradient over 120 minutes at a flow rate 206
of 200nL/min. The mass spectrometer was operated in positive ion mode with a capillary 207
temperature of 320 °C, and with a potential of 2300V applied to the frit. All data was ac- 208
quired with the mass spectrometer operating in automatic data dependent switching 209
mode. A high resolution (70,000) MS scan (350-1600 m/z) was performed using the Q- 210
Exactive to select the 12 most intense ions prior to MS/MS analysis using HCD. 211

Experiment IP Sotorasib treatment KRAS WT and KRASG12C: Samples were analyzed 212
on a Bruker timsTof Pro mass spectrometer (Bruker, Germany) connected to an Evosep 213
One liquid chromatography system (Eveosep, Denmark) or a Bruker nanoElute nanoflow 214
chromatography system. In the case of the Evosep platform tryptic peptides were resus- 215
pended in 0.1% formic acid (Sigma-Aldrich) and each sample was loaded on to an Evosep 216
tip. The Evosep tips were placed in position on the Evosep One, in a 96-tip box. The au- 217
tosampler was configured to pick up each tip, elute and separate the peptides using a set 218
chromatography method (30 samples a day)[24]. For the Bruker nanoElute nano-LC chro- 219
matography system. Each sample was loaded onto Acclaim PepMap C18 trap cartridge 220
(0.3 mm inside diameter, 5 mm length, ThermoFisher Scientific) and then separated on 221
an Aurora UHPLC column (25cm x 75um ID, C18, 1.6um, Ionopticks, Australia) with an 222
increasing acetonitrile gradient over 30 minutes at a flow rate of 250nl/min [25]. The chro- 223
matography buffers used for both systems were Buffer A: 99.9% water, 0.1% formic acid 224
and Buffer B: 99.9% acetonitrile, 0.1% formic acid. All solvents used were LCMS grade. 225
The mass spectrometer was operated in positive ion mode with a capillary voltage of be- 226
tween 1600-1800 V, dry gas flow of 3 I/min and a dry temperature of 180°C. All data was 227
acquired with the instrument operating in trapped ion mobility spectrometry (TIMS) 228
mode. Trapped ions were selected for ms/ms using parallel accumulation serial fragmen- 229
tation (PASEF). A scan range of (100-1700 m/z) was performed at a rate of 5 PASEF MS/MS 230
frames to 1 MS scan with a cycle time of 1.03s [26]. 231

Analysis of AP-MS data 232

The resulting mass spectra were analysed with MaxQuant [27] software, containing 233
a built-in Andromeda search engine to identify the proteins from the UniProt HUMAN 234
database [28] (release 2014_02). Protein interactions were quantified by LFQ Intensity. 235
This consisted of 3 biological replicates and 2 technical replicates with 3 baits and empty 236
vector controls in 2 cell lines. The raw data was searched against the Homo sapiens subset = 237
of the Uniprot Swissprot database (reviewed) using the search engine Maxquant (release 238
2.0.1.0) using specific parameters for trapped ion mobility spectra data dependent acqui- 239
sition (TIMS DDA). Each peptide used for protein identification met specific Maxquant 240
parameters, i.e., only peptide scores that corresponded to a false discovery rate (FDR) of 241
0.01 were accepted from the Maxquant database search. The normalized protein intensity 242
of each identified protein was used for label free quantitation (LFQ ) [29]. 243

Contaminants and reverse peptides were removed. The statistical analysis was per- 244
formed as previously reported [23,30]. In essence, the average protein interaction for each 245
bait was measured. As the first step in the analysis, significant proteins were identified in 246
comparison to the empty vector control. The ratio of protein abundance and Student’s t- 247
test were used to select proteins significantly interacting with the bait proteins compared 248
to the empty vector control (ratio>2, p-value<0.01). Specific proteins were pooled. For the 249
experiment performed with HKe-3 cells described in Figure 2 bait protein levels (KRAS) 250
were assessed and normalised to remove potential protein interaction bias for one bait 251
over the others. The ratio between conditions were calculated pairwise. To select proteins 252
significantly interacting compared to other baits, the ratio of each protein, combined with 253
Student’s t-test were used to identify proteins significantly interacting (ratio>2 OR <0.5, p- 254
value<0.01). 255

Cytoscape (version 3.7.2) was used to construct the interactomes of each KRAS iso- 256
form in both cell lines. String DB [31], REACTOME [32] and PANTHER databases [33] 257
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were used for gene ontology analysis, network reconstruction and K-means cluster iden- 258
tification. 259

Transformation assay 260

Transformation assays were performed as described by Aaronson et al [34] and fur- 261
ther explained in Herrero et al [35]. Briefly, NIH3T3 cells were transfected with pCEFL- 262
HA-KRAS WT, KRASG13D, KRASG12V, KRASG12C, KRASG12D, and/or 20nM siRNA- 263
RADIL. Cells were grown in culture conditions for at least two weeks with the media 264
changed every 2-3 days. When macroscopic foci were visible the cells were fixed with 265
methanol for 5 minutes and stained with 5% Giemsa (in PBS) and transformed foci 266
counted. Number of foci counted were quantified relative to 1uL of DNA. Three biological 267
replicates were quantified and averaged. 268

Migration assay 269

HKe-3 cells were transfected with pCEFL-FLAG-KRAS-WT, -KRASGI13D, - 270
KRASG12V, -KRASG12C, -KRASG12D, +/- 4nM siRNA-RADIL. 24h post transfection cells 271
were counted and seeded into migration culture inserts (Ibidi, Germany). Culture inserts 272
were removed 24h post seeding of cells. Cells were supplemented with DMEM containing 273
1% FBS and 1% L-glutamine. Pictures of cell gap were taken at Oh, 6h and 24h. The area 274
of the gap was measured using Image]J. Results were normalised to the Oh time point for 275
each condition, as outlined by Cappiello et al [36] and percentage gap closure was quan- 276
tified. 277

Survival curves 278

To measure survival in Hke3 we used MTS assays. To do this, cells were transfected 279
with pCEFL-FLAG-KRAS-WT, -KRASG13D, -KRASG12V, -KRASGI12C, -KRASG12D, 280
and/or 10nM siRNA-RADIL. Cells were collected at the indicated times and MTS assay 281
was performed as outlined by the manufacturer (Promega). 282

Statistics 283

Transformation assay: Number of foci were counted and quantified relative to 1ug 284
DNA. Positive (upper) error bars are Max-Q3 (maximum [highest data point in the data 285
set] — Q3 [third quartile, the median of the upper half of the dataset]), minus (lower) error 286
bars are the error amount set to 100%. Upper (dark grey) boxes are Q3-Med (Q3 [third 287
quartile, the median of the upper half of the dataset] - Med [median, the middle value in 288
the dataset]). Lower light grey boxes are Med-Q1 (Med [median, the middle value in the 289
dataset] — Q1 [first quartile, the median of the lower half of the dataset]). P-values were 290
determined by two-tail, two-sample equal variance Student’s t-test; * p<0.05, **P<0.01, 291
**#*p<0.001; differences without p-values indicated were not significant. 292

Migration assay: Percentage cell gap was quantified using Image] and normalised to 293
the Oh time point gap as described by Cappiello et al.,, [36] . Error bars are +/- standard 294
error of the mean (SEM) of three biological replicates. P-values were determined by two- 295
tail, two-sample equal variance Student’s t-test; * p<0.05, **P<0.01, ***p<0.001; differences 296
without p-values indicated were not significant. 297

Western blot quantification: Protein band intensity was quantified by Image]. Im- 298
munoprecipitates were normalised to the band intensity of bait proteins, phospho-pro- 299
teins were normalised to band intensity of the corresponding total-protein levels. All sam- 300
ples were normalised to the control (KRAS WT) levels. P-values were determined by one- 301
tail, two-sample equal variance Student’s t-test; * p<0.05, **P<0.01, ***p<0.001; differences 302
without p-values indicated were not significant. 303

MTS cell survival assay: Three biological replicates with three technical replicates 304
each. Percentage cell viability was normalised to the control (live cells). Error bars are +/- 305
standard error of the mean (SEM) of three biological replicates. P-values were determined 306
by two-tail, two-sample equal variance Student’s t-test; * p<0.05; differences without p- 307
values indicated were not significant. 308

3. Results 309
3.1. KRAS mutants differentially regulate the RAF and AKT effector pathways in HEK293 cells 310
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Cell Extracts

Different lines of evidence have shown that the specific point mutations of the KRAS
oncogene are not equal [37-41]. To get a better understanding of the biochemical and
functional differences among these proteins we first tested the effects of the expression of
KRAS WT and four of the most common oncogenic KRAS mutants, KRASG13D,
KRASG12V, KRASG12C, and KRASGI12D, on the regulation of ERK and AKT pathways
in HEK293 cells. As expected, overexpression of KRAS WT caused a modest increase of
ERK phosphorylation, while overexpression of the four KRAS mutants increased ERK
phosphorylation (Figure 1A and B). KRASG12D induced phospho-ERK levels 12-fold
compared to WT, followed by KRASG12C and KRASGI13D with a 7.3- and 5.6-fold
increase respectively. KRASG12V was consistently less potent and induced ERK
phosphorylation only 3-fold. The effect on the levels of phospho-AKT were less striking,
but KRASG12C and KRASG12D significantly induced phosphorylation of this kinase
while expression of KRASG13D and KRASG12V had no effect (Figure 1A and C).
Altogether the results show that KRASG12C and KRASG12D have similar effect in the
activation of ERK and AKT. KRASG13D does not activate the AKT pathway while
KRASGI12V has a lower effect in the activation of the ERK pathway than the other mutants
and no effect on the activation of AKT.

Control B C

FLAG-KRAS WT *k
FLAG-KRASG13D —— 1.6 1
FLAG-KRASG12V
FLAG-KRASG12C
----- + FLAG-KRASG12D
a-p-ERK

37
01 1563272 12

37
50

08 1 112 1717

[N
~

= =
o N
*

*
J*—

00
FOLD p-AKT/Total AKT

FOLD p-ERK/Total ERK
a

|
|

a
Iy

o-AKT
50

20 ¢ & 5 ¢ & ¥ o
FEE I S

37

100

HEK293 10% FBS

Figure 1. (a) HEK293 cells transfected with the indicated constructs were lysed after 48 hours. Ly-
sates were western blotted with indicated antibodies. Numbers indicate fold of phosphorylation of
the indicated proteins normalised to the total protein. (b) graph shows the fold of phospho-ERK
normalise to ERK expression (n=3). Error bars show standard deviation. *p value< 0.05; **p value
<0.01. ¢) graph shows the fold of phospho-AKT normalized to AKT expression (n=3). Error bars
show standard error of the mean (SEM). *p value< 0.05; **p value <0.01.

3.2. The KRAS proteins interactome differs between cell types

We hypothesised that the results of the previous section might be explained, at least in
part, by differences in the interactome of these mutants. To test this, we performed a
proteomics screen of KRASG12V and KRASG13D, the two KRAS isoforms that have the
greater variation in the GTPase activity and differential response to EGFR inhibitors [7,16].
Also, we were interested in determining if there are differences in the interactome of these
mutants in different cell lines and, in particular, in a cancer type where KRAS is commonly
mutated. For this reason, in addition to HEK293 cells which are an immortalized cell line
commonly used for interaction proteomics [42] we performed a proteomic screen in HKe-
3 cells, a colorectal cancer cell line derived from HCT116 cells where the oncogenic
KRASG13D allele was knocked out [43]. We transfected FLAG-tagged constructs of KRAS
WT, KRASG12V and KRASGI13D into these cell types (Figure 2A). Following IP, we
determined the specific interactomes associated with the different KRAS proteins by AP-
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MS. Using label free quantitation, we performed statistical analysis to check if there were
significant changes in the interactome of the three KRAS proteins expressed in the
experiments. A first comparison using a Venn diagram representation showed clear
differences in the interactomes associated with KRAS proteins in both cell lines with only
12 proteins out the 450 specific interactors being present in KRAS IPs performed in both
cell lines (Figure 2B and Tables 51 and S2). These results showed that there are very
pronounced cell specific differences in the interactome of KRAS proteins. To continue the

systematic analysis, we focused on the differences in the interactome for the three KRAS
baits in each cell line.
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Figure 2. (a) Graphical representation of the mass spectrometry affinity purification protocol for
KRAS WT, KRAS G13D, and KRASG12V in HEK293 and HKe-3 cell lines. Cells were transfected
with FLAG-tagged KRAS WT, G13D, and G12V DNA constructs. Cells were lysed after 48hrs and
incubated with FLAG-M2 conjugated to agarose. Following washes of the beads with lysis bulffer,
samples were prepared for trypsin digest. Mass Spectrometer protein searches of the raw data were
conducted using Max Quant to quantify protein abundance associated with each bait. LFQ intensity
of the protein for each condition was used to identify specific KRAS interactors in both cell lines.
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Created with BioRender.com. (b) Venn diagram representing the number of specific protein inter- 365
actions binding to KRAS proteins (sorted by gene name) in HEK293 and HKe-3 cell lines (c) Venn 366
diagram representing the specific interactors of the indicated KRAS proteins identified in AP-MS 367
proteomics in HEK293 and (d) HKe3 cell lines. (e-i) graphs show the average LFQ in HEK293 cells 368
of the indicated proteins in immunoprecipitates of KRAS WT, KRASG13D, or KRASG12V as indi- 369
cated (n=3). Error bars show SEM. (j-n) graphs show the average LFQ in HKe-3 cells of the indicated 370
proteins in immunoprecipitates of KRAS WT, KRASG13D or KRASG12V as indicated (n=3). Error 371
bars show SEM. 372

In HEK293 cells 1,530 proteins were identified in the screening, of which 400 were 373
specifically binding to at least one of the KRAS proteins (Figures 2B and C, S1 and Table 374
S1). Using the statistical analysis explained in the material and methods section, we 375
observed remarkable variations on the number of proteins binding to each of the KRAS 376
proteins. As expected, there were common interactors to KRAS WT, KRASG13D and 377
KRASGI12V (193), and other proteins were interacting with two of them (Figure 2C). 378
Conversely, there were 46 proteins exclusively interacting with KRAS WT. In the case of 379
the KRAS mutants we also identified proteins exclusively binding to one of them with 48 380
proteins shown as unique KRASG13D interactors and only 16 shown as specific for 381
KRASGI12V. Similar results were observed in HKe-3 cells, although with clear differences 382
in the distribution of the interactome (Figures 2D and S2 and Table S2). In HKe-3 cells we =~ 383
identified significantly fewer proteins (713 proteins), of which 62 proteins were shown as 384
specific KRAS interactors. As in HEK293 cells the three proteins expressed shared part of 385
the interactome, but only 11 proteins were common interactors. The most remarkable 386
observation in these cells was that KRASG13D interacted with 22 proteins, a much lower 387
number than the 40 binders of KRAS WT and the 41 interactors of KRASG12V. Despite 388
these differences all KRAS isoforms have unique interactors, with KRAS WT having the 389
highest number (13), followed by KRASG12V and KRASG13D (13 and 7, respectively). 390
Altogether, these results show that there are clear differences in the interactomes of the 391
three KRAS isoforms and that they show cell specific characteristics. 392

Next, we evaluated the quality of our experiments by focusing on the proteins 393
identified in our experiments. Several known RAS interactors were found in the analysis 394
of the proteomic interaction data including proteins that have been identified in previous 395
proteomics screenings performed with other methods such as BiolD and AP-MS, among 39
them the RAS effectors RAF1, BRAF, NRAS, HRAS, RADIL or mTOR [37,39,40,44,45] 397
(Figures 2 E-N and S2). The high enrichment of known KRAS interactors in our datasets 398
demonstrate the validity of our method to investigate the specific interactomes of the 399
different KRAS isoforms. Moreover, label free quantitation (LFQ) allowed us to find 400
changes of affinity between the different KRAS baits and specific proteins. For instance, 401
RAF1, BRAF, and ARAF have higher affinity for KRAS mutants than for KRAS WT in 402
HEK293 cells (Figures 2 E, F, ] and K and S3A). However, while BRAF and RAF1 have 403
similar affinity for both KRAS mutants, ARAF shows a higher affinity for KRASG12V 404
(Figure S3A). Importantly, in HKe-3 cells we saw further differences in the interaction of 405
KRAS proteins with RAF family proteins. ARAF was not identified, and we saw that both 406
RAF1 and BRAF have much higher affinity for KRASG13D than for KRASG12V (Figure 407
2] and K) indicating that there are cell specific factors that regulate the interaction of the 408
KRAS mutants with RAF family effectors. 409

Other known interactors of KRAS observed in the analysis of the HEK293 cells included 410
MLLT4, SOS1, RHOA, RHOC, HRAS, and NRAS. Interactors of KRAS observed in the 411
Hke3 cell line included RIN1, ROCK1, HRAS, and NRAS. Interestingly, but perhaps not 412
surprisingly, we saw that similar to ARAF some of these known interactors were only 413
detected in one of the cell lines. For instance, MLLT4 and SOS1 were specific to the KRAS 414
interactome in HEK293 cells (Figure 2H and S3B). On the other hand, the RAS effector 415
RIN1 was only identified in HKe-3 cell IPs and showed higher affinity for KRASG13D 416
(Figure 2M). This disparity in the number of interactors may be due to the expression 417
levels of these proteins in both cell lines or could be specific to certain cell types. In the 418
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case of the KRAS-RINT1 interaction, RIN1 is not expressed in HEK293 cells according to
the Human Protein Atlas [46] explaining why we do not see this interaction in HEK293.
CAT, MAPK3, NRAS, and DOCK?, which were shown to interact with KRAS baits only
in HKe-3 cells (Figures 2N, S2, S3F and Table S2), are expressed in both cell lines
suggesting that these interactions are cell type specific.

3.3 Bioinformatic characterisation of KRAS protein signalling networks show correlation
between KRAS protein interactomes and function

We used gene ontology (GO) and pathway reconstruction to broadly determine the
physiological and pathophysiological relevance of our findings. Panther GO enrichment
analysis [47] showed some cell-type specific variations of biological processes mediated
by the KRAS proteins as a whole. For example transporter activity GO is overepresented
in HEK293 but not in HKe-3 while developmental process is enriched in HKe-3 cells
(Figure 3A). Differences are also shown withing each cell type for the GO enriched for
specific mutants. For instance, in HEK293 cells the KRASG12V and G13D interactomes
are significantly enriched in proteins involved in signalling processes and protein binding
versus KRAS WT (Figure S4A and C). However, little differences between KRASG13D
and KRASG12V were observed. Clearer differences between KRASG12V and KRASG13D
interactomes were shown in the HKe-3 cell line (Figure S4B amd D). In these cells, KRAS
WT and KRASG12V showed similar percentages of proteins involved in cellular and
metabolic processes compared to the KRASG13D mutant which had more proteins
involved in adhesion and in catalytic activity (Figure S4B and D).

GO: Molecular functions Ave Ratio % Genes/
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Figure 3. (a) The interactome of KRAS interactomes in HEK293 and HKe-3 cells identified by AP- 441
MS specific were input into Panther analysis tool. Graps show representation of GO terms enriched 442
for biological processes (left) and molecular functions (right). (b) Pathway reconstruction and cluster ~ 443
analysis performed with StringDB show HEK293 specific protein interactors of KRAS that are ex- 444
clusive to the HEK293 cell line that are part of functional clusters. Red halo indicates KRAS node. 445
Edges represent confidence, line thickness indicates the strength of data support. Proteins coloured 446
red are involved in RAS GTPase binding. Proteins coloured green are involved in mTOR signalling 447
pathway. Yellow proteins are involved in Cell cycle-mitotic. Blue are proteins of the farnesyltrans- 448
ferase complex. (c) Specific protein interactors of KRAS that are exclusive to the HKe3 cell line were 449
reconstructed using StringDB. Red halo indicates KRAS node. Edges represent confidence, line 450
thickness indicates the strength of data support. Proteins coloured red are involved in RNA binding; 451
proteins coloured blue are involved in RNA metabolic processed; green proteins are involved with 452
the spliceosome. 453
454

Next, to get a network view of the interactomes associated with the three KRAS 455
proteins in the two cell lines we used StringDB [31]. In HEK293 cells the network showed 456
a high number of connections between KRAS (Figure S4E, red halo), which is to be 457
expected as the dataset includes some of the best-known interactors such as RAF1, BRAF, 458
and FNTA. Representation of a subnetwork containing highly enriched functional clusters 459
identified an overrepresentation of proteins that are involved in metabolic processes, 460
mTOR signalling and Ras GTPase binding and cell cycle (Figure 3B and Table S3). In HKe- 461
3 clustering analysis performed in the signalling networ of specific KRAS interators 462
showed that there is an enrichment of proteins involved in different aspects of RNA 463
metabolism (Figure 3C). Altogether, these results confirm that the interactomes of KRAS 464
are cell type specific and different KRAS proteins regulate specific effector pathways and 465
functions which is in line with findings in recently published interactome studies [10]. 466
467

3.4. Experimental validation confirms that KRAS proteins interactomes are differentially requlated — 468
by KRAS point mutation and shows that RADIL mediates KRAS dependent migration in a mutant 469
specific manner 470

Several of the findings described above could be of special functional relevance. In 471
particular, we were intrigued by the observation that SOS1 might have different affinities 472
for KRASG12V and KRASG13D in HEK293 cells (Figure 2H, of note this interactor wasnot 473
identified in HKe-3). To validate this finding, we performed IP experiments in HEK293 474
cells co-transfected with AU5-SOS1 and FLAG-KRAS constructs. As shown in the 475
proteomics experiment SOS1 had a higher affinity for KRASG13D than for KRAS12V 476
(Figure 4A). Interestingly, KRAS WT had the highest affinity for SOS1 than any of the 477
KRAS mutants. This disparity might be explained by the fact that we immunoprecipitated 478
SOS1 while in the screen we pulled down KRAS complexes . Additionally, we could see 479
that KRASG12C has similar affinity for SOS1 as KRASG13D, while KRASG12D has a 480
higher affinity for SOS1 and KRASG12V has the lowest affinity. These differential affinities 481
of KRAS mutants for SOS1 might have important implications in tumours, as KRAS binds 482
to SOS1 in the enzymatic pocket but can also regulate its function by binding to an 483
allosteric regulatory pocket [48]. Unfortunately, our attempts to experimentally 484
distinguish the contribution of the two binding sites were not conclusive. 485

We also confirmed that RIN1 expression is not detected in HEK293 cells, but it is 486
expressed in HKe-3 cells where it binds better to KRASG13D than KRASG12V or KRAS 487
WT (Figure 4B). Finally, we validated the differential interaction of RADIL with the three 488
KRAS proteins used in the proteomics experiments in both cell lines. In this case we did 489
see a very weak interaction with KRAS WT while the two mutants had higher affinity, 490
with KRASG13D having the highest affinity for RADIL. Moreover, our results showed that 491
the differential affinity of RADIL for the KRAS mutant isoforms is also extends to the 492
mutants KRASG12C and KRASGI2D, that bind this protein with lower affinity than 493
KRASG13D with KRASG12D showing the lowest affinity of all the mutants tested (Figure 494
4 C and D). In order to test if activation of KRAS WT increases its interaction with RADIL, 495
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we treated HEK293 cells with EGF, which caused a clear increase of KRAS WT-RADIL
interaction (Figure 4E). This is similar to recent observations showing that RADIL
interaction is increased upon KRAS WT activation [49]. Importantly, when we performed
these experiments RADIL was not considered a KRAS interactor but since then, data from
other interaction proteomic studies identified this protein as one of the main interactors in
AP-MS experiments using different RAS proteins [37].
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antibody. IPs and cell extracts were blotted with the indicated antibodies. (b) HKe-3 cells were 506
transfected with empty vector, FLAG-KRAS WT, -KRASG12V or -KRASGI13D. Cell lysates were 507
incubated with anti-FLAG antibody and immunoprecipitates were blotted with the indicated 508
antibodies. Band intensities were measured using Image] and numbers show fold changes of the 509
ratio RIN1/FLAG intensity in the IPs. (c) HEK293 cells or Hke-3 cells (d) were transfected with 510
empty vector or the indicated KRAS plasmids and lysates were IP using FLAG antibody and blotted ~ 511
with the indicated antibodies. Numbers show fold changes of RADIL/FLAG intensities as measured =~ 512
using Image]. * indicates specific RADIL band in the cell extracts. (e) HEK293 cells were transfected 513
with empty vector, FLAG-KRAS WT or -KRASG13D. Following 16h serum deprivation cells were 514
treated with EGF (3uM) for the indicated times and lysed 48h after transfection. FLAG IP was 515
performed with the cell extracts followed by western blotting with the indicated antibodies. 516
Numbers show fold change of RADIL interaction with FLAG-KRAS proteins. Band intensity was 517
measured using Image]. (f) NIH3T3 were transfected with 200ng of FLAG-KRAS WT (WT), - 518
KRASGI13D (G13D), -KRASG12V (G12V), -KRASG12C (G12C), -KRASGI12D (G12D), or empty 519
vector and/or RADIL siRNA (20nM). 14 days after transfection plates were fixed and stained with ~ 520
Giemsa and macroscopic foci were counted. Numbers show average number of foci per lug DNA 521
+/- standard deviation (SD) (n=3). (g) Cells transfected as in A were grown to confluency in a plate 522
with a rubber stopper. Stoppers were removed and images were taken at the indicated times. 523
Percentage gap closure was quantified using Image] and results were normalised to Oh time point 524
measurements [36]. Error bars are SEM. ** p value <0.01, * p value <0.05 525
526

Our results confirm that RADIL is an important KRAS interactor protein that is 527
differentially regulated by specific KRAS point mutations. Choi et al showed that this 528
protein mediates KRAS dependent proliferation and focal adhesion formation [49] and, 529
Kelly et al saw that RADIL mediates KRAS dependent migration [37]. We decided to 530
extend the functional characterisation of this interactor with the different KRAS mutants 531
through functional biological assays. We first tested the possible role of RADIL in KRAS 532
dependent cell viability by knocking down RADIL with specific siRNA in HKe-3 cells 533
expressing the different KRAS mutants. Although RADIL knockdown by specific siRNA 534
was efficient (Figure S5A) neither expression of the different KRAS proteins nor 535
downregulation of RADIL expression affected cell viability (Figure S5A). Next, we tested 536
the role of RADIL in KRAS-mediated transformation by performing a focus formation 537
assay in NIH3T3 cells. We transfected the cells with KRAS WT and the 4 KRAS mutants 538
and downregulated RADIL protein expression by co-transfection of RADIL siRNA. All 539
KRAS mutants induced the formation of transformed foci, although with clear differences 540
(Figure 4F and S5C). KRASG13D showed the lowest transformation effect similar to KRAS 541
WT, while KRASG12V, KRASG12C, and KRASG12D produced 5-8 time more transformed 542
foci than KRASG13D. This result is in line with previous data showing that KRASG13D 543
has lower transformation efficacy [15,50]. Downregulation of RADIL did not show a 544
statistically significant effect on the number of foci induced by the different mutants 545
(Figure 4F and S5B). Finally, given the known involvement of RADIL in cell motility [49] 546
we studied the role of RADIL in KRAS-dependent migration using a wound healing assay. 547
Downregulation of RADIL alone did not have any effect on the migration of HKe-3 cells 548
(Figures 4G and S5C). Surprisingly, KRASG12D was the only KRAS protein that caused 549
an increase in the migration of these cells. Importantly, this effect is mediated by RADIL 550
as its downregulation reduced KRASG12D-dependent migration. Remarkably, RADIL 551
seems to be a downstream effector of another mutant, KRASG12V, which did not increase 552
migration in these cells. In this case, downregulation of RADIL increased migration of 553
KRASGI12V expressing cells. Thus, RADIL might be playing different roles in the 554
migration of tumour cells that express specific KRAS point mutations. This result 555
strengthens the idea that not all the KRAS mutants have the same functions. 556

3.5 Sotorasib shows off-target effects in cells that do not express KRASG12C 557

The previous results clearly showed that there are changes in the interactome of KRAS 558
mutants that can be of relevance for the initiation, development, and evolution of KRAS 559
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tumours. In light of these results, we tested whether the mechanism of action of the newly
approved KRASG12C inhibitors includes the specific regulation of KRASG12C effector
pathways mediated by changes in the interactome. For this, we monitored the effects of
the KRASG12C mutant inhibitor Sotorasib on the regulation of the best characterised RAS
effector pathways, RAF and AKT, in cell lines that express different KRAS mutants. We
used RASless mouse embryonic fibroblast (MEF) generated by Drosten et al [17] that
express one of the KRAS mutants and none of the other RAS (HRAS, NRAS, KRAS) genes.
In addition to MEF-KRASG12C we assessed the effect of Sotorasib in MEF-KRAS WT,
KRASG12V, and KRASG12D cells which should not be affected by treatment with this
drug. Sotorasib treatment of MEF-KRASG12C caused a band shift in this mutant due to
the covalent binding of this drug. This band shift did not occur in the other KRAS proteins
(Figures 5A and S6A). As expected, Sotorasib only inhibited activating ERK1/2
phosphorylation and ERK induced feedback phosphorylation of RAF1 in MEF-KRASG12C
confirming the specificity of this drug for this mutant. Similar results were observed in
HEK?293 cells where we could see that Sotorasib inhibits KRASG12C-dependent activation
of the three core kinases of the ERK pathway (Figure 5B). We also observed an increase of
AKT phosphorylation, similar to what has been described before in cancer cells [51].
Surprisingly, Sotorasib upregulated phospho-AKT in all four MEF cell lines, especially in
MEEF cells expressing KRASG12D (Figures 5A and S6A). The results clearly indicate that
Sotorasib must have other targets that regulate AKT activation independent of
KRASGI12C. Interestingly, these targets seem cell type specific, as the induction of pAKT
by Sotorasib was observed in MEFs and HKe-3 (Figure S6C), but not in HEK293 cells
(Figures 5B and S6B). As pAKT is constitutively upregulated in Sotorasib resistant lung
and pancreatic cancer cell lines [52], the off-target activation of AKT may be relevant for
the development of resistance to Sotorasib.
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Figure 5 (a) MEF-KRASGI12C, -KRASG12V and -KRASGI2D were treated with the indicated
amount of sotorasib for 24 hours. Cells were lysed and the indicated proteins were blotted using the
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specific antibodies. Numbers show fold changes of phosphorylation of the indicated proteins with ~ 588
respect to their total level of expression. Intensity was measure using Image]. (b) HEK293 cells were 589
transfected with the indicated constructs. 24 hours after transfection the cells were treated with the 590
indicated concentrations of sotorasib for 24 hour. Cell lysates were blotted with the indicated. 591
Numbers show fold changes of phosphorylation of the indicated proteins with respect to their total = 592
level of expression. Intensity was measure using Image]. Experiments were repeated 3 times. 593

3.6. Sotorasib regulates the KRASGI2C interactome and has unspecific effects on the KRAS WT 594
interactome 595

To characterise if Sotorasib’s mechanism of action involves changes in the 59
KRASG12C interactome, we used the AP-MS proteomic approach described above. 597
Unfortunately, MEF KRASG12C cells cannot be used for AP-MS experiments, as the 598
KRASG12C protein is not tagged and there are no suitable antibodies available for 599
immunoprecipitating endogenous RAS and its effector proteins. Therefore, we used 600
HEK?293 cells transfected with FLAG-KRASG12C or FLAG-KRAS WT for comparison. 601
Despite the fact that we immunoprecipitated similar amounts of KRAS WT and 602
KRASG12C and Sotorasib treatment does not affect their protein expression we saw lower 603
level of KRASG12C in AP-MS (Figures 6A and B and S7A and Table S4). This suggested 604
that KRASG12C structure and Sotorasib binding interfered with the trypsin digestion of 605
FLAG-KRASGI12C that is part of the sample preparation for MS. It is well known that 606
some protein conformations can be resistant to trypsin digestion [53], and it seems that 607
Sotorasib can induce such a protease resistant conformation in KRASG12C. To test this, 608
we performed double digestion with trypsin and LysC, which allowed the full digestion 609
of untreated FLAG-KRASGI12C and improved the digestion of sotorasib-bound 610
KRASG12C (Figure S7A and B). The partial trypsin resistance of KRASG12C, however, 611
did not affect the digestion of interacting proteins co-precipitating with FLAG- 612
KRASG12C (Figure S7C-F). Hence, we used standard trypsin digestion in the AP-MS 613
experiments to study the effect of Sotorasib on its interactome, as the dataset was of better 614
quality. 615

Comparing the interactomes of FLAG-KRAS WT and FLAG-KRASGI12C 616
plus/minus Sotorasib treatment showed that 41 proteins were exclusively bound to 617
KRASG12C and 110 interacted only with KRAS WT (Figure 6C). Of the 246 proteins that 618
are specifically interacting with KRASGI12C, 43 are exclusively binding when the cells are 619
treated with Sotorasib, and 76 proteins are specifically interacting with KRASG12C in 620
untreated cells (Figures 6C, S7G and I). Remarkably, we also observed that Sotorasib 621
impacts the composition of the KRAS WT interactome; 55 proteins are only present in 622
Sotorasib treated cells and 39 in untreated cells. Additionally, we could see clear 623
regulation of proteins that are interacting with both baits in treated and untreated 624
conditions (Figures 6D-L and S7H and ]) including the best-known interactors of KRAS, 625
RAF1 and BRAF. Thus, our scree shows that Sotorasib changed both the KRASG12C and 626
KRAS WT interactomes. In particular, the drug abolished the strong interactions of RAF1 627
and BRAF with KRASG12C, which explains the inhibition of ERK activation (Figure 6D). 628
The binding to KRAS WT was much weaker and was not affected by Sotorasib. MLLT4 629
(Afadin), RADIL and RAP1GDS showed a similar behaviour (Figures 6D and S7I). Both 630
MLLT4 and RADIL are bona fide RAS interactors that bind to GTP-loaded RAS [41,49] 631
Therefore, this pattern of binding and inhibition by Sotorasib is expected. Interestingly, 632
Sotorasib also reduced the strong binding of NRAS to KRAS WT and the weaker binding 633
to KRASGI12C (Figure 6E). These interactions may rely on activation, i.e. GTP dependent, 634
but not mediated through the effector domain. These results suggest that Sotorasib 635
interferes with RAS oligomerization and nanoclustering, which are important for RAS 636
function [54]. Binding to LAMTORS3, FYN, and STOM, which was stronger in KRAS WT, 637
was increased by Sotorasib treatment in KRASG12C (Figure 6E and S7]). Interestingly, 638
Sotorasib increased the binding to some proteins. For instance, binding to JAK1 was 639
increased in both KRAS WT and KRASGI2C (Fgure 6E, S7I and ]). Altogteher, these 640
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results suggest indirect or off-target effects, which however could contribute to the
Sotorasib mode of action as they affect signalling molecules that play important roles in
malignant transformation.
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Figure 6 (a) HEK293 cells were transfected with the indicated constructs and 24 hours later
they were treated with Sotorasib (5uM) or DMSO for 24 hours. FLAG IP were tryptic digested and
analysed by MS. Graph shows the LFQ intensity of all the samples. ***p value <0.01. (b) A fraction
of the cell lysates of HEK293 cells used in A were blotted with the indicated antibodies. (c) Venn
diagram representation of the specific interactors identified in the MS-based proteomic screen in
FLAG-KRAS WT (KRAS WT) or FLAG-KRASG12C (KRASG12C) immunoprecipitates treated with
DMSO or 5uM sotorasib (i) for 24 hours. (d and e) Graphs show average LFQ intensity of the indi-
cated proteins in the different IPs. Error bars show SEM.* pvalue <0.05, ** pvalue <0.01.

3.7. Sotorasib regulates KRAS G12C and WT signalling networks.

To get a better understanding of the mechanism of action of Sotorasib we needed to
further our analyses in order to obtain a systematic view of the Sotorasib-induced changes
of the interactome of KRASG12C and KRAS WT. First, we reconstructed the interaction
network of proteins that are binding to each bait using the STRING database (Figures SSA
and B). The networks are extremily complex and show a high degree of connection among
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the nodes which complicates the identification and representation of functionally relevant 661
findings. For this reason, we represented the sub-network of the proteins that are 662
changing their interaction with RAS upon Sotorasib treatment. In the case of KRASG12C, 663
functional analysis confirms that there is an enrichment of proteins that are part of the 664
AKT and ERK signalling pathways confirming the central role of these pathways in the 665
mechanism of action of Sotorasib (Figure 7A). The changes of interaction of these nodes 666
will likely have an effect in some of the proteins that are part of these pathways but do 667
not change their interaction with KRASG12C in our screen including PIK3R/2 or ILK. 668
Interestingly, this analysis shows and increase of interaction with proteins involved in 669
mTOR signalling and in particular the lysosome including STOM, LAMTORS3 and several 670
members of the ATPV6 complex (grey area Figure 7A). An association of KRAS4B with 671
ATPV6 and lysosomal localisation was described before [38]. Thus, our data indicates that 672
Sotorasib induces the localisation of KRAS in the lysosome. Intriguingly, similar analysis 673
of sotorasib-regulated KRAS WT network identified a decrease in interaction of this 674
protein with the ATPV6 complex indicating that sotorasib prevents KRAS WT localisation 675
to the lysosome (Figure 7B). Conversely, proteins involved in RNA recognition motif have 676
an increased binding to KRAS WT treated with Sotorasib. Finally, JAK1 interaction with 677
KRASG12C and KRAS WT is increased in cells treated with Sotorasib confirming that this 678
drug promotes the interaction of this kinase with KRAS proteins. Altogether these 679
analyses showed that Sotorasib regulates the KRASG12C interactome but also has clear 680
effect in the regulation of the KRAS WT interactome. 681

Although Sotorasib is approved as a KRASG12C specific inhibitor different groups have 682
identified other proteins that bind this drug and we reasoned that some of these targets 683
might also be part of the KRAS interactome [14,55-57]. To explore this, we used 684
information from one of the studies that have identified proteins that are targeted by 685
Sotorasib using and MS-based approach [14]. This study identified 183 proteins that bind 686
Sotorasib and using Venn diagram analysis we saw that 15 sotorasib target proteins were 687
identified in our screen as part of the interactome of KRAS proteins (Figure 7C). 688
Importantly, these proteins form a highly connected network and include proteins from 689
the cytoskeleton including VIM, ACTB, and TUB1A/B; and the member of the 14-3-3 690
proteins YWHAQ which are key regulators of KRAS downstream effectors (Figure 7D). 691
This data indicates that at least some of the changes in KRASG12C and KRAS WT 692
interactomes induced by Sotorasib treatment might be caused by Sotorasib directly 693
targeting protein interactors of KRAS. 694
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Figure 7. (a) Reconstructed network using StringDB of the dynamic interactome of KRASG12C
(grey halo) in HEK293 cells identified in the AP-MS screen. Blue halo on proteins show significantly
increased binding to KRASG12C versus KRASGI2C treated with Sotorasib p<0.05. Red halo show
significantly increased binding to KRASG12C treated with sotorasib versus untreated KRASG12C
p<0.05. Proteins with blue node are involved in MAPK, proteins red node are PI3K related, and
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green nodes 14-3-3 domain superfamily related. Grey area shows proteins involved in lysosomal 701
function and edges show evidence for interaction. (b) reconstructed network using StringDB of the 702
dynamic interactome of KRAS WT (grey halo) identified in AP-MS screen. Blue halo on protein 703
significantly increased binding to KRAS WT versus KRAS WT treated with Sotorasib p<0.05. Red 704
halo significantly increased binding to KRAS WT treated with Sotorasib versus KRAS WT p<0.05. 705
Proteins with blue node are involved in mTOR signalling pathway, proteins red node are RAS 706
GTPase binding. Edges show evidence for interaction. (c) Venn diagram representation of the pro- 707
teins identified as specific interactors or KRAS WT and KRASG12C in our study with the proteins 708
identified to be binding Sotorasib in MIAPaCa cells and heart tissue by Wang et al [14]. (d) network 709
constructed using string DB of the 15 proteins that are in the intersection of the Venn diagram 710
shown in C. Edges show evidence for interaction (high confidence). 711
712

3.8 Validation experiments show a new Sotorasib-regulated crosstalk of RAS signalling with JAK1 713
To experimentally validate our proteomics results we performed KRAS immunoprecipita- 714
tion assays and monitored the dynamics of the interaction of KRAS WT and KRASG12C 715
and several of the proteins shown to be changing in the proteomics analysis. We confirmed 716
that RADIL, RAF1, and BRAF interaction with KRASG12C was severely disrupted by 717
Sotorasib in HEK293 cells (Figure 8A). Similar results were observed in HKe-3 cells for the 718
interaction of KRASG12C with RADIL and RIN1 which are also downregulated by Sotora- 719
sib (Figure 8B). These validation experiments confirmed that our AP-MS method accu- 720
rately identified changes induced by Sotorasib in the interactome of these KRAS proteins. 721
They may differentially regulate its effector signalling pathways and therefore need to be 722

understood to fully characterise the full mode of action of Sotorasib. 723
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Figure 8. (a) HEK293 cells were transfected with the FLAG-KRAS WT or -KRASG12C. 24 hours. 725
Cells were treated with DMSO or 5uM Sotorasib for 24 hours. Cells were lysed and immunoprecip- 726
itated with FLAG antibody. IPs and cell extract were blotted with the indicated antibodies. (b) HKe- 727
3 cells were transfected with the FLAG-KRAS WT or -KRASG12C. 24 hours the cells were treated =~ 728
with DMSO or 5uM sotorasib for 24 hours. Cells were lysed and immunoprecipitated with FLAG 729
antibody. Proteins in IPs and cell extract were blotted with the indicated antibodies. (c) HEK293 730
cells treated as in A were blotted for the indicated antibodies. Numbers show fold changes in the 731
level of phosphorylation of the indicated proteins. Intensities were measured using Image]J. (d) MEF 732
KRAS WT and MEF KRASGI12C were treated with 5 uM Sotorasib and/or 5 uM Ruxolitinib as indi- 733
cated for 24 hours. Cells were lysed and the proteins were blotted with the indicated antibodies. 734
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One of the KRAS effector pathways that our results indicated to be modulated by Sotorasib 736
is the JNK stress pathway, which was shown to be regulated in KRASG12C expressing 737
HEK?293 cells. Indeed, we observed a clear KRASG12C-dependent activation of JNK that 738
was completely abolished by Sotorasib treatment (Figure 8C). JAK1 signalling activation 739
by KRASG12C induced phosphorylation of the STAT3, which was prevented by Sotorasib 740
treatment (Figure 8C). To the best of our knowledge this is the first demonstration that 741
JAK1-STAT signalling may be a KRAS effector pathway, and that this pathway is modu- 742
lated by KRASG12C specific inhibitors. 743

JAK1 has been shown to regulate AKT1 in some cases [58], and we wondered 744
whether JAK1 activation is related to Sotorasib-induced AKT activation. We tested this 745
using Ruxolitinib, a JAK1/2 inhibitor used in the clinic [59], alone or in combination with 746
Sotorasib. In MEF-KRASG12C cells there was a much lower level of STAT3 phosphoryla- 747
tion than in MEF-KRAS WT, but in both cell lines addition of the JAK inhibitor clearly 748
decreased the activation of STAT3 (Figure 8D). No changes in AKT1 phosphorylation 749
were observed upon Sotorasib and Ruxolitinib combination treatment in MEF- 750
KRASG12C cells indicating that JAK1 is not responsible for the Sotorasib-induced AKT 751
activation in this cell line. In the case of MEF-KRAS WT, combination of Sotorasib and 752
Ruxolitinib induced an increase of AKT phosphorylation indicating that the crosstalk of 753
this protein with JAK is different to the KRASG12C-JAK1 crosstalk (Figure 8D). Similarly, 754
we observed an increase in ERK1/2 phosphorylation in MEF-KRAS WT cells treated with 755
Ruxolitinib, while the same treatment did not have any effect in ERK1/2 activation in 756
MEF-KRASG12C. Finally, we observed an increase of caspase 3 cleavage in cells treated 757
with the combination of KRASG12C and JAK1/2 inhibitors in MEF KRAS WT but notin 758
cells treated with either one of the treatments. In MEF-KRASG12C caspase cleavage was 759
higher in all treatment conditions indicating that there is an increase of apoptotic signal- 760
ling in these cells. Finally, an important observation from these treatments was a conspic- 761
uous increase in the expression of KRAS WT and KRASG12C in cells treated with Rux- 762
olitinib. This unexpected observation indicates that JAK signalling has an important role 763
in the regulation of KRAS protein expression. Altogether, these results validate the find- 764
ings from our proteomic screening and extend the characterisation of Sotorasib’s mecha- 765
nism of action. 766

4. Discussion 767

Our study aimed to extending our characterisation of KRAS interacting proteins and 768
mapping the signalling networks regulated by KRAS WT and oncogenic mutants. The 769
initial proteomics screen clearly showed that KRAS WT and two of the most common 770
KRAS mutants, KRASG12V and KRASG13D, interact with different affinities to specific 771
binding proteins. These results also show that the interactome of these proteins varies in 772
the three cell lines that we have used for the study. These findings are in line with several 773
works that have used different MS-based proteomics approaches to identify the interac- 774
tome of different RAS proteins [10,37-41,44,45,60]. One of the challenges of using AP-MS 775
approaches is that some of the protocols used might not be suitable to identify transient 776
interactions. To overcome this problem several of the proteomic screens performed so far 777
have used BiolD [5,60], which potentially can identify transient and weak interactions of 778
proteins within a ~10 nm radius of the bait [61]. However, our more direct approach 779
clearly identifies interactors that have transient interaction with KRAS including the main 780
effectors RAF1, BRAF and PI3K. Moreover, we could quantify differences in affinities of 781
a significant number of known and newly identified KRAS interactors including the best 782
characterised GEF of the RAS family SOSI [2] in HEK293 cells which, to the best of our 783
knowledge, has not been identified using any other MS-based approaches reported to 784
date. In the proteomics dataset SOS1 was shown to have much higher affinity for 785
KRASGI13D than KRASGI12V and experimentally we show that KRASG12D and 786
KRASG13D has the highest affinity for SOS1 while KRASG12V has very low affinity. This 787
is an unexpected observation as KRASG13D was shown to be less dependent on SOS1 for 788
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activation than KRASG12V [9]. Although the functional relevance of this finding needs 789
further studies, it is possible that the mutants with higher affinity could be binding toan 790
allosteric pocket described by Bar Sagi’s group which regulates a positive feedback loop 791
that has been proposed to promote tumorigenesis by activating RAS WT isoforms [48]. 792
This might explain the higher level of activation of ERK1/2 when we overexpress 793
KRASGI3D. 794

Our method is also simpler to perform, as it does not rely on the expression of biotin 795
ligase fusion proteins. It must be noted that a disadvantage of both methods is that it is 796
not possible to differentiate between direct and indirect interactors of KRAS which still =~ 797
requires further experimental validation or the use of crosslinking protocols suitable for 798
AP-MS proteomics. Nevertheless, our approach is clearly suited to identify dynamic 799
changes in KRAS protein interactomes and shows a great sensitivity to identify true in- 800
teractors. This is extensively confirmed experimentally with our validation of the interac- 801
tion of SOS1, RIN1, and RADIL with KRAS WT, KRASG12V, and KRASG13D. Our char- 802
acterisation of the specific interactomes associated with KRAS mutants has been extended 803
by including in our validation experiments two additional KRAS isoforms, KRASG12C 804
and KRASG12D, which also show differential binding to several of the proteins studied. 805
Hence, the work presented here, elucidates a complex signalling network that show com- 806
mon and specific modules for each KRAS isoform tested and further contribute to identify 807
the growing number of RAS effector pathways. The findings further support the idea that 808
not all KRAS mutations are equal, and that a given point mutation may be associated with 809
specific pathological effects in tumour cells’ signalling networks. Overall, the results from 810
our study must be considered in conjunction with previous reports that focus on mapping 811
RAS protein interactomes and highlight the need to extend these screens to identify cell 812
specific proteomes of all RAS isoforms. 813

Importantly, our work goes further than previous proteomics screens as, for the first 814
time, we characterised the changes caused by Sotorasib in the KRAS WT and KRASG12C 815
interactomes. This KRASG12C specific inhibitor is already approved for the treatment of 816
lung cancer but resistance to treatment develops quickly [13]. Additionally, unspecific ef- 817
fects have been reported and it has also been shown to have effects in cell lines regardless 818
of KRAS mutation status [62,63]. Reports also indicate that several patients develop severe 819
side effects which indicate that at therapeutic concentration the drug has a systemic im- 820
pact affecting cells that do not express KRASG12C [13]. 821

Our screen helps delineate the mechanism of action of this drug and could explain some 822
of the side effects of the drug. With respect to the mechanism of action the dynamic 823
changes shown in AP-MS confirms that it requires the regulation of the interactions of this 824
mutant with effector proteins, something that was shown already for RAF1 and BRAF 825
[37]. As expected, the interaction of these two bona fide effectors is prevented by Sotorasib 826
treatment in our experiments, and this is accompanied by inhibition of ERK1/2 phosphor- 827
ylation. Interestingly, we saw that Sotorasib also promotes the interaction of KRASG12C 828
with other known KRAS regulators, such as members of the SRC family, i.e, LYN and 829
FYN. With respect to the possible off-target effect of Sotorasib we also characterized an 830
unexpected modulation of the KRAS WT interactome. These experiments indicated that 831
Sotorasib can regulate the interactome of KRAS WT in a way that seems significant but 832
needs further investigations. 833

Additionally, we consistently observed a cell type specific increase of activating AKT 834
phosphorylation in MEFs and HKe-3, but not HEK293. Activation of AKT upon Sotorasib 835
treatment has been associated with resistance to this treatment in patients and is reported 836
in several cell lines [13,52,63,64]. Importantly, our AP-MS approach identified clear 837
changes in the interactomes of both KRAS WT and KRASG12C that potentially could ex- 838
plain the Sotorasib induced AKT activation. Candidates for mediating this effect detected 839
in our screen include PIK3R1/2, G-coupled receptor proteins, and ILK which might con- 840
tribute to the unspecific activation of AKT in these cells. It is worth noting our analysis 841
shows that some of the changes shown in the interactomes of KRASG12C and KRAS WT 842
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upon Sotorasib treatment can be explained by the direct effect of Sotorasib on some of the =~ 843
proteins identified which are shown to be targeted by this drug in previous studies (i.e. 844
ACTB VIM or RAN) [14]. 845

One important new finding from our study is the identification of a Sotorasib-regulated 846
interaction between KRAS and JAK1 that has not been highlighted before. Reassuringly, 847
it must be noted that a recent proteomics screen performed by the Kiel group using a 848
similar protocol also pulled down JAK1 and STAT3 as specific interacting proteins of 849
KRAS WT, KRASG12C, KRASG12V, and KRASG12D [45]. In our AP-MS proteomics ex- 850
periment we see that Sotorasib increases JAK1-KRAS interaction and at the molecular 851
level we demonstrate that Sotorasib causes an inhibition of STAT3 phosphorylation in 852
HEK?293 cells but not in MEF cells that express only one of the KRAS proteins. This finding 853
is particularly intriguing as it indicates that JAK1 might be specifically interacting with 854
KRAS bound to GDP and this interaction prevents JAK1-dependent activation of STAT 855
signalling. This new connection between KRAS and JAK-STAT signalling might be of clin- 856
ical relevance as JAK1 inhibition has been shown to reduce murine KRAS mutant adeno- 857
carcinoma progression [59]. We show that the clinically approved JAK1/2 inhibitor Rux- 858
olitinib increases caspase 3 cleavage in MEF-KRASG12C cells but not in MEF-KRAS WT. 859
Remarkably, this experiment led to the unexpected observation that JAK1 inhibition alone 860
causes a significant increase of expression of both KRAS WT and KRASG12C. Taking into 861
account evidence from clinical trials that show an effect of JAK1 inhibitors in EGFR and 862
possible KRAS mutant tumours (NCT02155465, NCTO02145637, NCT02917993, 863
NCT03450330) [59], this serendipitous finding might be of relevance to explain a possible 864
mechanism of action of JAK inhibitors in cancer. One possibility is that JAK1 inhibitors, 865
among other mechanisms, might induce high levels of mutant KRAS expression thatleads 866
to the activation of the apoptotic pathways mediated by this RAS isoform [2,65]. It must 867
be noted that this is an acute increase of KRAS expression which might have very different 868
effects than KRAS overexpression caused by gene amplification that has been associated 869
with resistance to EGFR and KRAS targeted therapies in colorectal cancer cell lines [64]. 870
Finally, our study extends the basic knowledge of the known crosstalk between the JAK 871
and KRAS pathways. The role of JAK-STAT module in the RAS signalling network seems 872
to be at different levels as exemplified by a recent study from Baccarini’s group showing 873
a RAF1 kinase-independent regulation activation of STAT3 signalling in CRC [66]. It 874
would be interesting to test in future studies if Sotorasib can somehow regulate this effect. 875

5. Conclusions 876

In summary, this work extends our knowledge about the variety of functional pathways 877
that KRAS proteins are mediating and confirms that the interactome of different KRAS 878
mutants show important differences. Some of these new findings might prove important 8§79
to explain the differences among KRAS mutant proteins in the promotion of cell transfor- 880
mation, tumour development, drug sensitivity, and maintenance of human tumours 881
[1,2,4,16]. We also show evidence that performing proteomics screens is important to char- 882
acterise the mechanisms of action of the recent FDA approved RAS targeting drugs and 883
the new ones in drug development. Ultimately, determining if a RAS inhibitor prevents 884
the interaction and/or regulation of specific RAS interactors could predict the mechanism 885
of resistance that can hamper the effect of these novel therapies. 886
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