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Materials and Methods 
Cell culture and reagents 
All cell lines used in this study were maintained in DMEM medium supplemented with 10% FBS, 
penicillin, streptomycin and 2 mM L-glutamine. Cell lines were obtained from ATCC (H358: 
CRL-5807; H2122: CRL-5985; H2030: CRL-5914; SW1573: CRL-2170), expanded immediately 
and frozen in aliquots. The cell lines tested negative for mycoplasma. All experiments were 
performed within 20 passages. ARS1620 and ARS853 were purchased from MedChemExpress. 
Antibodies targeting RGS3 (sc-100762, 1:1,000) and GST (sc-138, 1:5000) were purchased from 
Santa Cruz Biotechnology. Antibodies targeting KRAS (WH0003845M1, 1:1,000), FLAG 
(F1804, 1:1,000) were obtained from Sigma. Antibodies targeting HA (C29F4 or 3724,1:1000) or 
His (2365S, 1:1000) were obtained from Cell Signaling Technology. The BRAF specific antibody 
(sc-9002, 1:1,000) was purchased from Santa Cruz Biotechnology. The antibody dilution during 
immunoblotting is shown.  
 
Plasmids 
For recombinant protein expression, DNA sequences encoding RGS3 p75 (Uniprot: P49796-1), 
RGS3 p25 (Uniprot: P49796-2), NF1 GAP related domain (1198-1530aa, Uniprot: P21359) and 
KRAS 4A (Uniprot: P01116-1) or 4B (Uniprot: P01116-2) were cloned into the pET-28a vector.   
The labeling of RGS3 variants in our study is based on their migration on western blotting, which 
differs from their predicted molecular weight. In order to generate a GST-tagged KRAS, the gene 
was cloned into the pGEX-4T-1 vector. For mammalian expression, RGS3 was cloned into the 
pCDNA-3.1-c-FLAG vector, and KRAS was cloned into pCDNA-3.0-HA or pDEST27 (for GST-
tagged KRAS). All indicated mutants were generated by site-directed mutagenesis. All constructs 
were verified by DNA sequencing.  
 
GTPase assays 
GTP[ɣ32P] hydrolysis assay. KRAS proteins (0.5 μg) were reacted with 0.04 μM GTP[ɣ32P] (6000 
Ci/mmol; PerkinElmer Life Sciences) in 100 μL loading buffer (50 mM HEPES, pH 7.5, 50 mM 
NaCl, 1 mM DTT, 0.1 mM EGTA, 10 mM EDTA, and 1 mg/mL BSA) for 10 min at 30°C (5, 31). 
Loading reactions were stopped by placing on ice and adding MgCl2 to a final concentration of 20 
mM. The GTPase assays were performed at 30°C in 100 μL mixtures containing 20 nM of loaded 
KRAS and either hydrolysis buffer (25 mM HEPES pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM 
MgCl2 and 1 mg/mL BSA) alone, or in combination with WCE or purified RGS3 (0.08 - 0.4 
µg/µL). Equimolar comparisons of NF1, RASA1 and RGS3 were carried out by using the 
continuous hydrolysis assay (see below). Reactions were stopped at the indicated time by filtering 
through 0.45-μm nitrocellulose membrane filters. The filters were washed 3 times with 0.2 mL of 
ice-cold hydrolysis buffer, air dried, and processed by autoradiography. Reaction rates were 
determined by fitting an exponential curve to normalized data (% of baseline value). For the 
determination of protein stability, the hydrolysis reactions were stopped by boiling at 100°C for 
10 min in Laemmli buffer. The samples were then subjected to SDS-PAGE followed by Coomassie 
Brilliant Blue (CBB) staining or immunoblotting with a His-specific antibody. 
 
GTP[α32P] hydrolysis assay. KRAS proteins were loaded with GTP[α32P] (3000 Ci/mmol; 
PerkinElmer Life Sciences) and subjected to the hydrolysis reaction as indicated above. Upon 
completion of the hydrolysis reaction and immobilization of KRAS-nucleotide complexes on 
nitrocellulose membranes, the nucleotides were eluted by incubating with elution buffer (50 mM 
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HEPES pH 7.5, 50 mM NaCl, 1 mM DTT, 0.1 mM EGTA, 0.1% SDS, 10 mM EDTA, 1 mM GTP 
and 1 mM GDP) for 3 min at 85°C. The released nucleotides were resolved by thin layer 
chromatography (TLC) on PEI cellulose F paper (Merck) with 1 M LiCl and 1 M formic acid. The 
TLC papers were then dried and processed by autoradiography. 
 
Continuous hydrolysis assay (two-step detection of inorganic phosphate). The EnzChek Phosphate 
Assay Kit (Thermo Fisher Scientific) was used to continuously measure phosphate release in vitro 
following the manufacturer’s recommendation (19, 32). In brief, 100 μM KRAS protein were 
loaded with 2.5 mM GTP in assay buffer (10 mM EDTA, 30 mM Tris pH 7.5 and 1 mM DTT) at 
room temperature for 2h. Loaded KRAS was then desalted by gel filtration in ZebaTM spin 
columns (Thermo Scientific). The hydrolysis reaction was performed in 384-well microplates 
(Costar) containing GTP-loaded KRAS (50 μM), MESG (200 μM), PNP (5 U/mL), and MgCl2 
(40 mM) in reaction buffer (30 mM Tris pH 7.5,1 mM DTT). GAPs were added at a concentration 
of 50 μM or as indicated. The reaction was monitored by reading the absorbance at 360 nm every 
10 to 20 s for ~16-60 min at room temperature. Raw values were imported to Prism and normalized 
by the embedded min-max normalization strategy. Kinetic constants were obtained by fitting an 
exponential curve. In intrinsic hydrolysis reactions, where the maximum PO4 release was less than 
observed in the paired GAP-assisted reaction, the maximum value during normalization was set as 
the maximum value from the paired GAP-assisted reaction.  
 
GTPase assay choice. Two-step phosphate labeling reagents are inaccurate for slow reactions. The 
reagent is not stable over long incubation periods, which are necessary to achieve complete 
hydrolysis (during intrinsic reactions) and to accurately determine the half-life. Moreover, two-
step detection systems are affected by the presence of inorganic phosphate in buffers (or cellular 
extracts) and cannot be used to isolate cellular factors that enhance the hydrolysis rate. With these 
in mind, in order to calculate the intrinsic hydrolysis rate constant we relied on single-turnover 
[32P]GTP hydrolysis assays and allowed a sufficient time for the reaction to reach a steady state 
maximum (i.e., undetectable levels in fig. S1C). Validation studies were carried out using 
[32P]GTP (at the 𝛼 or ɣ position) and two-step phosphate labeling reagents. The latter were also 
used to determine the kinetics of the GAP-assisted reactions, since these are considerably faster 
than intrinsic hydrolysis.  
 
RAS-binding domain (RBD) pull-down 
This was performed as described previously (33) by using the RAS activation kit (Thermo 
Scientific). Briefly, 50 μg whole cell lysates were incubated with 40 μg GST-RBD and 100 μL 
glutathione beads for 60 min followed by three washes in NP40 wash buffer and elution of pull-
down fractions with 2×SDS PAGE loading dye. The samples were then subjected to western 
blotting with a KRAS specific (WH0003845M1) antibody (34). 
 
Chromatographic separation and identification of KRASG12C-directed GAP activity. 
H358 cells were chosen as a starting point during chromatography (and as the main model system 
for validating studies) because these are the most sensitive to G12Ci treatment. We reasoned that 
extracts from these cells would be most likely to yield a successful identification of a KRASG12C-
directed GAP. 
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The chromatographic separation and identification process consisted of two rounds of size-
exclusion chromatography (SEC, steps 1 and 2), desalting (step 3), anion exchange 
chromatography (AEC, step 4) and mass spectrometry (step 5). All procedures were carried out at 
4 °C by using the ÄKTA system. 
 
H358 cells growing exponentially (2 g) were collected and resuspended in 5 mL hydrolysis buffer 
(25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM MgCl2). The cells were broken down 
by sonication and centrifuged at 13,200 rpm for 1 h to obtain the supernatant. The supernatant was 
passed through a 0.45 μm filter (Millipore), centrifuged at 13,200 rpm for 60 min and loaded onto 
a HiLoad Superdex 200PG column (GE healthcare) for the first round of SEC (step 1). The 
fractions (1 mL) eluted from this column were collected and a portion (5 µL) was used in a 
GTP[ɣ32P] hydrolysis assay as described above.  
 
Step 1 fractions that enhanced KRASG12C hydrolysis were pooled and loaded onto Superdex 200 
(GE healthcare) for the second round of SEC (step 2). Again, eluted fractions (1mL) were 
collected, and a portion (10 µL) was subjected to the GTP[ɣ32P] hydrolysis assay.   
 
Step 2 fractions that enhanced KRASG12C hydrolysis were pooled, and their buffer exchanged into 
one containing HEPES 20 mM pH 7.5, 20 mM NaCl, DTT 1 mM (step 3) using a HiTrap desalting 
column (GE healthcare, 5 mL). Desalted fractions were then loaded (step 4) onto a DEAE column 
(GE healthcare) and washed with a buffer containing HEPES 20 mM pH 7.5, NaCl 0.5M, DTT 
1 mM using a 0-100% gradient over 5 column volumes (each 25 mL). Eluded step 4 fractions (1 
mL) were collected. In order to determine their GTPase enhancing effect, 30% of each fraction 
was concentrated to 15 µL using a using 3 kDa molecular weight cut-off centrifugal filter and 
subjected to the KRASG12C GTP[ɣ32P] hydrolysis assay.  
 
AEC fractions that enhanced KRASG12C hydrolysis were evaluated by mass spectrometry (step 5) 
to identify proteins annotated as GAPs. Proteins from active AEC fractions were precipitated with 
equal volume of 20% TCA/acetone for 12h at 4°C. The supernatant was removed by centrifugation 
at 13,200 rpm for 10 min at 4°C, and the pellet was washed three times with cold acetone. The 
protein precipitates were air-dried and submitted for trypsin digestion and mass spectrometry 
identification at a fee-for-service core facility (Columbia University Medical Center). The peptides 
were analyzed by liquid chromatography–tandem mass spectrometry on a Q Exactive mass 
spectrometer (Thermo Fisher Scientific). Proteins were identified by a database search of the 
fragment spectra against the UniProt protein database. We only evaluated proteins previously 
annotated as GAPs and that were identified in all fractions/peaks with GTPase-enhancing activity.   
 
KRASG12C-RGS3 interaction 
WCE (2 mg) from treated or untreated KRASG12C mutant cells were subjected to IP with either a 
KRAS (sc-30) or an IgG antibody agarose-conjugate followed by immunoblotting with KRAS- or 
RGS3-specific monoclonal antibodies. A BRAF-specific antibody was used as a control. 
 
To determine the presence of a direct interaction we used purified GST-tagged RGS3 GAP domain 
(RGSD) and His-tagged KRASG12C. The latter was loaded with GTPɣS (a non-hydrolyzable GTP 
analogue) or GDP. The proteins (0.2 µM KRAS and 1.2 µM RGSD) were mixed in binding buffer 
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(25 mM Tris-HCl pH=7.5, 150 mM NaCl, 1% NP40, 5% glycerol and 5 mM MgCl2) and incubated 
at 4°C for 1h. The reaction was then subject to a GST-pulldown.  
 
GST pull-down assays 
HEK293H cells (2.5×103) were seeded in 60 mm cell culture dishes and ~16h later the cells were 
transfected with 2 μg of GST-tagged constructs and 2 μg of FLAG-tagged constructs by using 
Lipofectamine 2000 (Thermo Scientific) at a ratio of 1 µg to 2 µL. 24h post-transfection, the cells 
were washed with 3 mL ice-cold PBS, collected and immediately centrifuged at 2000 rpm for 
3 min. The cell pellets were lysed in 300 μL of NP40 lysis buffer (50 mM Tris-HCl pH=7.5, 150 
mM NaCl, 1% NP40, 10% glycerol and 1 mM EDTA) supplemented with protease and 
phosphatase inhibitors and mixed vigorously. After incubating on ice for 10 min, the samples were 
centrifuged at 13,200 rpm at 4°C for 10 min. The supernatants (1 mg) were incubated and rotated 
with 100 μL of glutathione-sepharose beads for 60 min at 4°C and washed three times with wash 
buffer (25 mM Tris-HCl pH=7.5, 150 mM NaCl, 1% NP40, 5% glycerol, 5 mM MgCl2). GST 
pull-downs were resuspended in 2×loading buffer for SDS/PAGE analysis. 
 
Recombinant protein production  
The cDNAs encoding for His-tagged KRAS, RGS3 and NF1 GRD were cloned into the pET28a 
expression vector and expressed in E. coli BL21 (DE3) cells. Protein expression was induced by 
adding 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) in Terrific Broth medium at 16 °C 
for 18 h. Bacterial cells were harvested and then resuspended with lysis buffer (20 mM HEPES, 
pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM DTT, and 20 mM imidazole). The cell debris was 
removed by centrifugation at 16,000 rpm for 60 min at 4 °C, and the soluble fraction was loaded 
onto nickel-sepharose (GE Healthcare) pre-equilibrated with lysis buffer. After sequential washes 
with lysis buffer containing 20 mM and then 40 mM imidazole, the proteins were eluted with lysis 
buffer containing 400 mM imidazole. The target proteins were further purified by size-exclusion 
chromatography in a Superdex 200 column (GE Healthcare) in buffer containing 20 mM HEPES, 
pH 7.5, 150 mM NaCl, and 1 mM DTT.  
 
GST-tagged KRAS or RGS3 GAP domain were cloned in the pGEX-4T-1 expression vector and 
expressed in E. coli BL21(DE3) cells. Protein expression was induced by adding 0.5 mM IPTG as 
above. Bacterial cells were harvested and then resuspended with phosphate-buffered saline (PBS) 
before being lysed. The cell debris was removed by centrifugation at 16,000 rpm for 60 min at 4 
°C, and the soluble fraction was loaded onto glutathione-sepharose (GE Healthcare) pre-
equilibrated with PBS. After washing with PBS, proteins were eluted with 10 mM glutathione, 50 
mM Tris-HCl, pH 8.0. The target proteins were further purified by size-exclusion chromatography 
as above. 
 
Molecular modeling 
Protein-protein docking was carried out in a heuristic manner using the tools in 
Maestro/Bioluminate (Schrodinger), as described by the manufacturer. Briefly, the model was 
based on several existing structures, including KRAS-GMPPNP (6OB2) and RGS3 GAP domain 
(2OJ4). Superimposition of the structure of KRAS to that of Gaia1 (1AGR) revealed a similar 
architecture of the key motifs responsible for GTP-hydrolysis (i.e., the P-loop, switch I and switch 
II regions show a high degree of overlap between the two proteins). Based on this observation, the 
structure of Gia1-GDP·AlF4:RGS4 (1AGR) was used to define several anchoring points and refine 
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the docking poses for KRAS-RGS3. Known contacts between RGS4 and Gia1 were used as 
docking constraints. Prior to protein-protein docking, the structures of KRAS-GMPPNP and RGS3 
GAP domain were prepared by adding hydrogens, assigning bond orders, creating disulfide bonds, 
adding missing side chains, deleting waters beyond 5Å, assigning H-bonds and restraining 
minimization. These were carried out using the protein-preparation wizard in Maestro and default 
settings. Priority was given to poses satisfying the constraints noted above. Since we were most 
interested in identifying residues that could potentially mediate the GAP activity of RGS3 on 
KRAS, initial poses were manually evaluated to identify potential residues that might enhance 
hydrolysis and not be impeded by G12 substitutions. This initial approach, coupled with evidence 
from the literature, suggested a potential role for an asparagine residue in RGS3 GAP domain. 
Once the importance of this residue was confirmed experimentally the docking was repeated with 
more stringent constraints around this residue.  
 
RGS3 knockout  
H358 cells were transiently transfected with a plasmid (pSpCas9-2A) encoding RGS3-specific 
sgRNAs. Two different sgRNA were used: sgRGS3#1: TGCGTGATCCTCTTCCTGGC; 
sgRGS3#2: CTACACGCGGGAGCACACCA. After 48h, GFP-positive cells were FACS-sorted 
into 96 well plates, with a single cell per well. Each cell was allowed to expand into a clone, these 
were then expanded and screened for RGS3 deletion by Sanger sequencing and immunobloting 
using a monoclonal antibody detecting RGS3. 
 
Live-Cell Analysis 
Control or RGS3-null H358 cells were seeded at 10–20% confluence in a 24 well-plate and 
transfected with 5 pmol of non-targeting (NT) or KRASG12C-specific siRNA (siG12C) (17). H358 
cells expressing G12C or G12C/A59G mutant KRAS were seeded at 10–20% confluence and 
transfected with 5 pmol of non-targeting (NT) or RGS3-specific siRNA (Horizon, L-008302-01-
0010). Images of cell confluence were automatically acquired within Incucyte (Essen BioScience). 
The images were taken at 2 h intervals for the duration of the experiment. The % confluence was 
determined by using the Incucyte software (Essen BioScience). 
 
3D tumor spheroid assays 
Cells were added at a density of 4×103 cells/mL in a solution containing collagen I (A1048301, 
Gibco) at a final concentration of 2 mg/mL. The collagen-cell mixture (300 µL) was then added 
to collagen I pre-coated 35 mm dishes. The mixture was incubated for 30 min at 37°C, followed 
by addition of 2 mL culture medium and incubation for the indicated days in a 37°C, 5% CO2 
incubator. Spheroids were imaged using an Inverted Research Microscope Ti2 (Nikon) and their 
data were analyzed using NIS-Elements.  
 
Immunohistochemistry analysis 
The tissue sections from paraffin-embedded PDX tumors were stained with RGS3 antibody. We 
quantitatively scored the tissue sections according to the percentage of positive cells and staining 
intensity. IHC images were quantified in an automated manner by using the QuPath software 
(University of Edinburgh, Division of Pathology) (35).  The score (H-score) was obtained using 
the formula: X3 + 2 × X2 + 3 × X1 giving a range of 0 to 300 (0 ≤ [X1 + X2 + X3] ≤ 100), where 
X3 indicates weak staining, X2 moderate staining and X1 strong staining. The H-score was 
correlated with pattern of G12Ci-response. 



 Submitted Manuscript: Confidential 

 7 of 9 

 
Correlation of RGS3 expression with KRAS mutant transcriptional output  
The lung adenocarcinoma TCGA RNAseq dataset was obtained from the Genomic Data Commons 
Data Portal as HT-Seq counts. Count data were filtered and normalized using edgeR and standard 
approaches. Genes with an absolute log fold change in expression of greater than 1 and an FDR of 
less than 0.05 in the KRAS mutant vs. wild-type tumor comparison were used to establish a mutant 
KRAS output score. The latter was defined as the mean log-transformed normalized (count per 
million) expression of up- or down-regulated genes. The ability of this score to determine changes 
in KRAS signaling was experimentally validated in H358 cells treated with a G12C inhibitor over 
time (0-48h, fig. S8C). 
 
The correlation between mutant KRAS output score and RGS3 expression was determined by two 
approaches. In the first approach, RGS3 expression in log counts per million was categorized as 
low (< 0.25 percentile), intermediate (0.25-0.75 percentile) and high (> 0.75 percentile) across the 
entire dataset. The distribution of KRAS-up scores along these categories, both in KRAS wild-
type and in KRAS mutant lung cancers, were compared using ANOVA and Turkey tests, while 
correcting for multiple comparison testing. In the second approach, the correlation between RGS3 
expression (log count per million, continuous variable) and mutant KRAS output score (up or 
down) were determined by using the Spearman coefficient. 
 
Animal studies  
This was carried out as described previously (36). Briefly, nu/nu athymic mice were obtained from 
the Envigo Laboratories and maintained in compliance with IACUC guidelines under protocol 18-
05-007 approved by MSKCC IACUC. The maximum tumor measurement permitted was 1.5 cm 
in diameter and this was not exceeded in any of our experiments. Animals implanted with 
xenografts were chosen for efficacy studies in an unbiased manner. Once tumors reached 100 mm3 
volume, mice were randomized and treated with drug or the appropriate vehicle control. 
Treatments and tumor measurements were performed in a non-blinded manner by a research 
technician who was not aware of the objectives of the study. Prism (GraphPad Software Inc.) was 
used for data analysis. For each study arm, the tumor size was plotted over time. Statistically 
significant differences were determined for endpoint tumor volumes (Fig. 4B and C) or for the 
fractional difference in tumor change relative to baseline (fig. S9D) by the t-test function 
embedded in Prism (unpaired, two-tailed). In these comparisons, the two control sgRNAs (each 
n=5) were pooled together. As an alternative, each sgRGS3 clone in Fig. 4C was compared to a 
separate non-targeting sgRNA-expressing control clone.  For the latter, fractional differences in 
tumor growth relative to baseline were compared using the multiple unpaired t-test function (one 
t test per time point) in Prism and corrected for multiple hypothesis testing by using the false 
discovery rate (FDR) approach. The RGS3-/- clone 2.5 vs control 1 comparison reached statistical 
significance (FDR q value <0.05) on days 35-42 for the 10 mpk treatment condition and on day 
42 for the 50 mpk condition. The RGS3-/- clone 3.1 vs control 2 comparison did not reach 
significance during the course of the experiment for the 10 mpk condition but reached significance 
on days 20-42 for the 50 mpk condition. The data from control clones were grouped together in 
graphs in order to simplify visualization. 
!  
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Supplementary text 
 
Here we report that RGS3 acts as a mutant KRAS-inclusive GAP to enhance GTP hydrolysis by 
both wild-type and several G12/G13 mutant KRAS. The effect of RGS3 was dependent on an 
asparagine residue in its GAP domain — unlike the catalytic arginine finger of canonical RAS-
GAPs. Several findings support the possibility that other cellular proteins have a similar activity 
as that observed for RGS3. RGS3-null extracts retained some GTPase enhancing activity directed 
at KRASG12C. Other RGS family members contain the key asparagine residue and are reported to 
have redundant roles in G-protein coupled receptor (GPCR) signaling. Indeed, RGS4 also 
enhanced GTP hydrolysis by KRASG12C. Even NF1 had some activity directed at KRASG12C in 
biochemical assays and has been shown to inactivate KRASG13D in biochemical and cellular 
studies (26). In our experiments, the KRASG12C-directed activity of NF1 was independent of the 
R-finger. Together these observations suggest that GTP-hydrolysis by common oncogenic KRAS 
mutants is enhanced by atypical, non R-finger dependent, GAPs.  
 
KRAS mutations at Q61, which are much less frequent than those occurring at G12 or G13, render 
KRAS insensitive to GAP-assisted hydrolysis by impairing the coordination of the water molecule 
needed for nucleophilic attack on the ɣ-phosphate. However, it was recently shown that direct 
suppression of the guanine-nucleotide exchange factor (GEF) SOS1 inhibited proliferation in some 
KRAS Q61 mutant driven cells (37). This finding suggests that not all Q61 mutants are deficient 
in hydrolysis in cells. More work is needed to systematically characterize the susceptibility of less 
frequent KRAS mutants (such as Q61 or other) to RGS3- or atypical GAP-assisted hydrolysis. 
 
Previous work shows that cellular lysates enhance the GTPase activity of wild-type RAS but not 
that of mutant RAS (5). These seminal studies focused predominantly on NRAS and HRAS and 
the mutants commonly tested were G12V or G12D. To our knowledge, the effect of cell extracts 
on KRASG12C has not been previously tested. Nevertheless, our data agree that mutant KRAS has 
impaired GTPase activity relative to KRASWT. We only differ in the magnitude of impairment. 
The historical model suggests that mutant RAS is completely unresponsive to cellular GAPs. We 
now postulate that KRASG12C is sensitive to cellular GAPs; albeit much less so than KRASWT. 
 
We believe that the difference in sensitivity lies on the mechanism responsible for the enhanced 
GTPase activity by cellular extracts. For KRASWT the activity is mediated by canonical RAS-
GAPs, such as NF1 and RASA1, in an arginine-dependent manner. This process is very fast, 
reaching steady state in a matter of seconds. For KRASG12C the activity is mediated by atypical 
GAPs, through a process that is faster than intrinsic hydrolysis but ~1-2 orders of magnitude slower 
than the activity of canonical GAPs towards KRASWT. In other words, RGS3 is a weaker GAP for 
KRASG12C than NF1 is for KRASWT, a finding with two important implications: a) Despite 
enhancing GTP hydrolysis by KRASWT in biochemical assays, RGS3 is unlikely to regulate 
KRASWT in cells, unless canonical GAPs are inactivated. Indeed, RGS3-null extracts did not 
enhance the GTPase activity of KRASG12C but did so towards KRASWT. Also, RGS3 interacted 
with KRASG12C but not KRASWT in cells. b) RGS3 is unlikely to inactivate the entire cellular pool 
of mutant KRAS; that is, not to the same extent as NF1/RASA1 are able to do for wild-type KRAS. 
Therefore, under steady-state conditions, the nucleotide cycle of mutant KRAS favors the active 
state, whereas that of wild-type KRAS favors the inactive state. Our model thus provides a 
mechanistic basis for how KRAS mutants drive tumor growth, while at the same time remaining 
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susceptible to atypical GAP-assisted hydrolysis. The model also helps explain the susceptibility to 
inactive state selective inhibition and the dependency of various KRAS oncoproteins on 
nucleotide-exchange for their activation. 
 
As expected, RGS3 deletion led to enhanced KRAS activation and tumor growth as well as 
diminished inactive state selective KRASG12C inhibition. Although the RGS3-null phenotypes may 
occur via an effect on Gα, several lines of evidence suggest a dependency on KRASG12C. Selective 
knockdown of KRASG12C reversed the phenotype of RGS3-null cells, whereas knockdown of 
RGS3 enhanced the growth of KRASG12C-expressing cells but not that of KRASG12C/A59G-
expressing cells. Furthermore, RGS3-depleted cell extracts had a diminished GTPase-enhancing 
effect towards KRASG12C, as compared to RGS3 wild-type extracts. The activity was restored in 
RGS3-null cells expressing RGS3WT but diminished again in cells expressing RGS3N460H. In a 
similar manner, the increase in cellular KRAS activation and proliferation caused by RGS3 
deletion was rescued by RGS3WT but not by RGS3N460H. Lastly, extracts from RGS3-null cells did 
not significantly affect GTP[ɣ32P] hydrolysis by KRASWT. If the effects were non-specific then 
RGS3-null lysates would have also affected KRASWT. Together, these lines of evidence support 
the conclusion that in the biological context of our study, the consequences of RGS3 deletion are, 
at least in part, due to an effect on KRASG12C. While we do not dismiss a potential contribution by 
Ga signaling, the latter does not appear to be dominant in the context of our experimental data. 
 
Our work suggests that atypical GAP-assisted hydrolysis and nucleotide exchange jointly 
coordinate the nucleotide cycle of mutant KRAS to regulate its activation in cancer cells. Negative 
and positive feedback circuits are likely to further fine tune these processes. With these in mind, it 
is possible that the expected cellular effects of RGS3 deletion (including the increase of KRAS-
GTP levels and proliferation) are blunted over time by compensatory effects in GEF-mediated 
nucleotide exchange. Moreover, other RGS family members or other non R-finger GAPs may 
compensate for the loss of RGS3. Future studies are necessary in order to better understand the 
dynamics of atypical GAP-assisted mutant KRAS hydrolysis and its interplay with nucleotide 
exchange and feedback. 
 
Although RGS3 was required for maximal inactive state selective KRASG12C inhibition, the 
compensatory changes noted above are likely to modulate this effect as well. For example, loss of 
RGS3 leads to enhanced KRAS-GTP levels, which is expected to attenuate inhibition by 
decreasing the pool of drug-sensitive target. Over time, however, a feedback-mediated 
compensatory decrease in nucleotide exchange might enable sufficient drug binding to the target 
especially for high-affinity inhibitors. Dedicated studies are needed to understand if and how 
RGS3 (and/or other atypical GAPs) correlate with adaptive, acquired or de-novo resistance in 
experimental models and patients. 
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