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Abstract

The discovery of small molecule inhibitors requires suitable binding pockets on protein surfaces. 

Proteins lacking this feature are considered undruggable and require innovative strategies for 

therapeutic targeting. The active state of mutant KRAS, the most frequently activated oncogene 
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in cancer, is such a recalcitrant target. We designed a natural product-inspired small molecule 

that remodels the surface of cyclophilin A (CYPA) to create a neomorphic interface with high 

affinity and selectivity for the active state of KRASG12C. The resulting CYPA:drug:KRASG12C 

tri-complex inactivated oncogenic signaling and led to tumor regressions in multiple human 

cancer models. This inhibitory strategy can be used to target additional KRAS mutants and 

other undruggable cancer drivers. Tri-complex inhibitors selectively targeting active KRASG12C or 

multiple RAS mutants are in clinical trials (NCT05462717, NCT05379985).

One Sentence Summary:

Small molecules recruit cyclophilin A to the active state of mutant KRAS to disrupt oncogenic 

signaling and tumor growth.

KRAS is a small GTPase that cycles between an inactive (GDP-bound, OFF) state and 

an active (GTP-bound, ON) state (1). Active KRAS binds to and activates several effector 

proteins to regulate cell growth and proliferation (2). KRAS mutations act as oncogenic 

drivers that stimulate excessive downstream signaling and proliferation (3). KRASG12C is 

the most frequent KRAS mutation in non-small cell lung cancer (NSCLC) (4, 5), and 

37-43% of patients with NSCLC harboring this variant respond to treatment with inhibitors 

targeting the inactive state of KRASG12C, such as sotorasib and adagrasib (6-9). The clinical 

benefits of these agents represent an important advance in precision oncology. Nevertheless, 

both are limited with regard to the depth and duration of response. Although the reasons 

for such limitations are multifactorial, cancer cells appear to bypass inactive state selective 

inhibition by increasing the amount of drug-insensitive/GTP-bound KRASG12C (10-15).

To date, efforts to target the active state of KRAS by traditional small molecule drug 

discovery strategies have been unsuccessful, suggesting that innovative approaches are 

needed for its inhibition. One such approach is inspired by natural products like rapamycin 

and FK506, which engage the immunophilin FKBP12 to inhibit mTOR or calcineurin, 

respectively (16-18). While the targets of these natural products are dictated by evolution 

(19), we now used structure-based redesign of an immunophilin ligand to direct its paired 

endogenous immunophilin to target the active state of mutant KRAS.

Results:

Remodeling cyclophilin A to generate a neomorphic interface that binds to active KRAS

We began by focusing on the immunophilin cyclophilin A (CYPA) because of its 

favorable electrostatic surface charge complementarity with residues on the effector binding 

interface of KRAS, which is not a feature of FKBP12 (fig. S1A). Sanglifehrin A (fig. 

S1B) is a natural product known to bind to CYPA with high affinity (20). A tool 

ligand (Compound-1) containing a minimal CYPA-binding motif of sanglifehrin A and a 

promiscuous cysteine-reactive warhead (Fig. 1A, B) was synthesized to facilitate covalent 

tethering and de novo tri-complex formation (Fig. 1A). The crystal structure of the primitive 

CYPA:Compound-1:KRASG12C tri-complex (Fig. 1A and table S1, 1.40 Å) suggested that 

macrocyclization of the ligand (fig. S1C) would decrease conformational entropy and 

increase protein contacts. Macrocyclization through a substituted indole linker introduced 
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specific interactions with KRAS (see below), while the phenolic hydroxyl was removed 

to reduce the number of hydrogen bond donors/acceptors. The resulting cyclized core was 

modified with either an acetamide moiety that enables reversible binding (Compound-2, Fig. 

1B) or an acrylamide warhead to covalently engage the C12 residue (Compound-3, Fig. 

1B). As expected, Compound-2 induced CYPA complexes with GMPPNP-bound wild-type 

(WT) as well as G12C-mutant KRAS (Fig. 1C, IC50: 510 nM or 180 nM, respectively). By 

comparison, Compound-3 had increased potency for inducing CYPA complexes with active 

KRASG12C (IC50: 52 nM), while retaining weak reversible binding to KRASWT (IC50: 

520 nM). Compound-3 was modified to further increase the selectivity for KRASG12C. 

Replacement of the acrylamide in Compound-3 with an ynamide warhead generated 

Compound-4, which had greater potency and selectivity for KRASG12C-CYPA tri-complex 

formation (Fig. 1C, IC50: 28 nM, 39-fold more selective). Due to the limit of detection in 

the tri-complex formation assay (see Methods), we elected to further optimize the warhead/

linker using a kinetic target engagement assay, which affords higher resolution for potent 

compounds. The maximal rate of KRASG12C target engagement for Compound-4 was 26-

fold higher than Compound-3 (Fig. 1B, D and S1D). Installation of a conformationally 

optimized linker improved the maximal rate a further 14-fold and resulted in RMC-4998 

(Fig. 1B, D and S2A). The covalent engagement efficiency of RMC-4998 (kinact/KI: 272,000 

M−1s−1) was greater than that of existing inactive state selective inhibitors (21-23), even 

though RMC-4998 targets the active or GTP-bound state of KRASG12C.

We next sought to determine the structural basis for tri-complex formation and KRAS 

inhibition. RMC-4998 bound to CYPA reversibly to form a low affinity binary complex 

(Kd = 1.09 μM, koff = 1.0 s−1, Fig. 1E and fig. S1E). The crystal structure of the 

mature CYPA:RMC-4998:KRASG12C-GMPPNP tri-complex (1.53 Å, table S1) revealed 

that the aforementioned chemical optimizations increased the number of contacts between 

RMC-4998 and CYPA, compared to those observed in the primitive complex (fig. S2A 

and S2B). RMC-4998 retained the piperazic acid and peptidic linker of Compound-1 to 

maintain interactions with Q63 and the N102 backbone, but the substituted indole in 

the macrocycle of RMC-4998 introduced an additional cation-pi interaction with R55 as 

well as numerous favorable hydrophobic contacts (fig. S2A-G). Through these interactions, 

RMC-4998 remodeled the molecular surface of CYPA to create a neomorphic interface with 

affinity for KRASG12C (Fig. 1F, Movie S1).

The covalent engagement of KRASG12C by CYPA:RMC-4998 led to the formation of a 

stable tri-complex (Fig. 1E) with a half-life that was greater than 8 hours after compound 

washout in biophysical assays (fig. S3A) and cellular experiments (fig. S3B). The crystal 

structure of the tri-complex revealed several key interactions enabling stable binding (Fig. 

1G and 1H): (1) non-covalent contacts between RMC-4998 and the Switch I and II motifs 

of KRASG12C. These were mediated by the indole introduced during macrocyclization and 

included lipophilic interactions with I36 on the Switch I (Fig. 1G) and a pi-pi interaction 

with Y64 on the Switch II motif of KRAS (Fig. 1H). (2) Neomorphic contacts between 

CYPA and KRASG12C, including hydrogen bonds between N71/K151/R148 in CYPA and 

E31/D33/E37 in the Switch I motif of KRAS (Fig. 1G), as well as W121 in CYPA and 

Y64 in KRAS (Fig. 1H). (3) Covalent modification of C12 by the ynamide warhead in 

RMC-4998 (Fig. 1H and S2D).
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The remodeled molecular surface of inhibitor-bound CYPA enabled selective and active 

state-specific binding to KRASG12C. All three components were required for tri-complex 

formation (Fig. 1I and S4A); neither RMC-4998 nor CYPA were able to bind to KRASG12C 

alone. No complex was detected with GDP-loaded KRASG12C, suggesting a selectivity for 

the active (GTP-bound) state of the mutant (Fig. 1J). RMC-4998 induced a tri-complex 

between KRASG12C and CYPA in live cells without affecting wild-type KRAS, NRAS, or 

HRAS (Fig. 1K). RMC-4998 had comparable activity on G12C-mutant HRAS, NRAS and 

KRAS, with little, if any, activity on KRASG13C (fig. S4B and S4C).

Tri-complex formation disrupts effector binding to active KRAS

Structural superpositions suggested that, when bound in the tri-complex, CYPA occludes 

the effector binding interface of KRASG12C, including that occupied by the RAS-binding 

and cysteine-rich domains (RBD-CRD) of CRAF (Fig. 2A), the catalytic subunit (p110) 

of PI3K (fig. S5A), the allosteric site of the catalytic domain of SOS1 (fig. S5B, SOScat), 

and the RAS-interacting domain (RID) of RALGDS (fig. S5C). Indeed, the formation of 

the CYPA:RMC-4998:KRASG12C tri-complex led to a concentration-dependent dissociation 

of the BRAF RBD and RALGDS RID from mutant KRAS in biochemical assays (Fig. 2B 

and fig. S5D). In a live-cell kinetic assay, RMC-4998 treatment led to rapid association of 

KRASG12C with CYPA, an effect that was paralleled by the dissociation of full-length 

CRAF from KRASG12C (Fig. 2C and D). CYPA was indispensable for inhibition by 

RMC-4998, as evidenced in biochemical assays (Fig. 2B) as well as in CYPA-null cells 

and those with rescued expression (Fig. 2E and fig. S6A, B). By comparison, CYPA loss 

had no effect on the cellular activity of the inactive state selective KRASG12C inhibitor 

adagrasib (fig. S6C and D). It is possible that a dependency on CYPA expression could limit 

the therapeutic utility of tri-complex inhibitors like RMC-4998. This is unlikely to be true, 

however, when considering that CYPA is highly abundant across various cancer types (fig. 

S6E), has low inter-patient variation in expression (fig. S6F), and has higher expression in 

tumors as compared to normal tissue (fig. S6G).

Functional interrogation of the neomorphic binding interface

The distinct inhibitory mechanism of RMC-4998 prompted an unbiased evaluation of the 

functional role of the amino acid residues in the neomorphic binding interface between 

CYPA and KRASG12C. To this end, KRASG12C mutant cells were infected with a 

doxycycline (dox)-inducible cDNA library, encoding all possible amino acid substitutions 

in KRASG12C, followed by treatment with either DMSO or RMC-4998 for two weeks in the 

presence or absence of dox (fig. S7A). The analysis confirmed the importance of the KRAS 

C12, I36, and E37 residues (Fig. 2F), as predicted by the structural studies above (Fig. 1G 

and 1H). The screen, however, revealed that mutations in additional residues, including those 

at G13, P34 and A59, attenuated the effect of RMC-4998 (Fig. 2F and fig. S7B). The latter 

likely disrupt the conformation of the switch regions to prevent CYPA:RMC-4998 from 

engaging active KRASG12C. Cells expressing KRASG12C containing a P34R, I36Q or A59G 

secondary mutation confirmed the ability of these variants to activate ERK signaling in the 

presence of RMC-4998 (fig. S7C). Secondary in cis mutations on KRASG12C (for example, 

R68, H95, and Y96) confer resistance to adagrasib and/or sotorasib (11-13). RMC-4998 

occupies a distinct binding site and does not contact any of these residues, suggesting it 
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should retain inhibitory activity against these mutants (Fig. 1G). Indeed, mutations in these 

residues were not identified in the saturation mutagenesis screen (fig. S7A) and had no effect 

on displacement of the CRAF RBD by RMC-4998 in a live-cell assay (fig. S7D).

We next used the live cell biosensor to interrogate residues in CYPA that contribute to the 

neomorphic interface. Alanine mutations at the N71, K151, and R148 residues of CYPA that 

form direct contacts with KRASG12C resulted in a loss of tri-complex formation (Fig. 2G). 

Mutations in their interacting partners on switch I of KRASG12C (E31A/D33A/E37A) also 

abolished the formation of the tri-complex, highlighting the importance of these residues in 

binding (Fig. 2G). These mutations had minimal effect on the enzymatic proline isomerase 

activity of CYPA (fig. S8).

Selective inhibition of oncogenic signaling and proliferation

Disruption of effector binding by RMC-4998 inhibited downstream ERK signaling in 

KRASG12C mutant cancer cell models with an IC50 ranging between 1 and 10 nM (Fig. 

3A). RMC-4998 treatment also attenuated AKT/MTOR and RAL signaling (fig. S9A and 

S9B). The latter pathways, however, had residual activity despite the presence of the drug, 

suggesting that they are only partially activated by mutant KRAS in cancer cells. Targeting 

the GTP-bound state of KRASG12C with the tri-complex inhibitor RMC-4998 (0.1 μM) 

led to a faster disruption of the interaction between KRASG12C and CRAF as compared 

to inactive state selective inhibitors adagrasib (1 μM) and sotorasib (10 μM) (Fig. 3B). A 

similar disruption was observed for the interaction between KRASG12C and SOScat (fig. 

S9C). Complete covalent modification of KRASG12C in RMC-4998-treated MIA PaCa-2 

cells occurred within 5 minutes, again faster than observed with adagrasib (fig. S9D). The 

kinetics of inactive state selective inhibition are limited by the rate of GTP hydrolysis by 

KRASG12C (24), which RMC-4998 overcomes by directly targeting the active state.

Another limitation of inactive state selective inhibitors is their susceptibility to cellular 

stimuli (10) that drive nucleotide exchange to induce GTP-loading of KRASG12C. This is 

particularly evident following receptor tyrosine kinase (RTK) activation (25, 26). Indeed, 

exposure to EGFR or MET ligands led to attenuated target engagement (fig. S9E), ERK 

inhibition, and antiproliferative effect by the inactive state selective inhibitor adagrasib 

(Fig. 3C). In contrast, RTK stimulation had a minimal effect on RMC-4998 activity. In 

the absence of growth factor stimulation, treatment of KRASG12C-mutant cell lines with 

either RMC-4998 or adagrasib produced initial pathway suppression followed by a rebound 

over the course of the next 72 hours. The re-addition of RMC-4998, but not adagrasib, 

suppressed the reactivated pathway signaling (fig. S9F). Therefore, targeting of the active 

state KRASG12C through tri-complex formation has distinct biological properties from 

existing inactive state selective clinical-stage inhibitors.

Potent anti-tumor activity in cell line and patient-derived xenografts

Further optimization of RMC-4998 led to RMC-6291, an active-state selective KRASG12C 

inhibitor currently undergoing clinical testing. RMC-4998 and RMC-6291 have similar 

chemical structures and nearly identical kinetic constants for engaging active KRASG12C 

(fig. S10A). Both RMC-4998 and RMC-6291 inhibited ERK signaling and induced 
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apoptosis in KRASG12C-mutant H358 cells (fig. S10B). In a cancer cell line panel (Fig. 4A, 

Table S2), RMC-6291 inhibited the proliferation of KRASG12C mutant cells with a median 

IC50 of 0.11 nM, or 13,500 times more potently than that of non-G12C mutant models, 

indicating its selectivity index. RMC-4998 had median IC50 of 0.28 nM and selectivity index 

of 1450. Of note, both the potency and the selectivity index of RMC-4998 and RMC-6291 

were greater than those of adagrasib. Selective cellular engagement of KRASG12C was 

further evidenced by a proteome-wide cysteine-reactivity assay, wherein RMC-6291 reacted 

with KRASG12C with high selectivity over other cellular proteins (fig. S11A and data S1).

Daily oral administration of RMC-6291 in mice bearing NCI-H358 xenografts was well 

tolerated (fig. S11B) and led to near complete tumor regression (Fig. 4B). RMC-6291 

achieved dose-dependent plasma concentrations and inhibition of downstream signaling 

output, as assessed by the effect on tumor DUSP6 mRNA expression (Fig. 4C). A 

single dose of RMC-6291 led to sustained engagement of KRASG12C and inhibition of 

ERK phosphorylation in tumors for ~24 hours, and also induced apoptosis, as evidenced 

by TUNEL staining (fig. S12A-D). These data indicate that the tri-complex inhibitor 

RMC-6291 is a potent and selective inhibitor of the active conformation of KRASG12C 

in vivo. Similar in vivo activity was observed with RMC-4998 (fig. S13A-C).

Next, we evaluated the anti-tumor activity of RMC-6291 across a panel of patient-derived 

xenograft (PDX) models of KRASG12C mutant NSCLC and CRC. Targeted exome DNA 

sequencing revealed that the PDX panels were representative of the genomic landscape 

of patients with KRASG12C mutant lung or colorectal cancers (fig. S14A and S14B). 

RMC-6291 treatment resulted in mean tumor regression in 76% (19/25) of NSCLC models 

and in 40% (6/15) of the CRC models tested after a standard 28-day treatment period (Fig. 

4D and 4E, Table S3). These results indicate that RMC-6291 can drive deep anti-tumor 

responses following daily oral administration in preclinical studies.

Discussion:

The discovery of RMC-4998 and RMC-6291 as tri-complex inhibitors of GTP-bound 

KRASG12C represents the successful re-engineering of an immunophilin-binding natural 

product to engage a target previously thought to be undruggable. Neither CYPA nor its 

natural product ligand have been previously reported to interact with KRAS. Their complex 

formation was the product of purposeful, structure-guided chemical modifications, to mold 

a high-affinity binding interface between CYPA and active KRASG12C. The target-directed 

approach described here differs from other pharmacologic or proteomic screens describing 

identification of rapamycin or sangliferin analogues that engage additional targets besides 

MTOR or CYPA, respectively (27, 28). Selective disruption of effector binding to the 

active state of KRASG12C by the recruitment of CYPA is a distinct inhibitory mechanism 

that promises to overcome some of the limitations of inactive state selective KRASG12C 

inhibitors, while maintaining selective target engagement and a potentially wide therapeutic 

index. A phase I/II clinical trial testing RMC-6291 (NCT05462717) is currently ongoing.

The tri-complex inhibitory strategy described here has broad implications for cancer 

therapy. It can be utilized to develop inhibitors of additional oncogenic RAS mutants, 
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such as through the introduction of distinct covalent warheads or functional groups that 

can selectively target other RAS mutants (G13C, G12D etc.) in an allele-specific manner. 

Alternatively, further optimization of the reversible drug binding capacity demonstrated by 

Compound-2 would enable the concurrent (non-discriminatory) inhibition of multiple RAS 

oncoproteins. A reversible tri-complex inhibitor RMC-6236 (29) (RASMULTI) developed 

through this approach is also in a phase I/II clinical trial (NCT05379985). Although its 

broader applicability requires further investigation, re-engineering of natural products to 

create neomorphic binding interfaces on their paired immunophilins may prove effective at 

targeting additional “undruggable” cancer drivers even beyond RAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Development of a tri-complex inhibitor targeting the active state of KRASG12C.
(A) Tertiary structure of the primitive CYPA:Compound-1:KRASG12C-GMPPNP complex 

at 1.40 Å resolution. (B) The chemical structure of Compound-1 and the macrocyclized 

scaffold for subsequent compounds, with the sanglifehrin-derived CYPA-binding moiety 

shown in blue. R denotes divergent chemical moieties comprising non-covalent (black) 

and covalent (pink) derivatives. (C) The interaction between the indicated KRAS proteins 

(50 nM) and CYPA (20 μM) in the presence of increasing compound concentrations 

was determined by TR-FRET (mean ± SEM, n=3, N=2). (D) The rate (kobs) of covalent 

modification of KRASG12C in the presence of CYPA (25 μM) and the indicated compounds 

(mean ± SEM, N=3). (E) Schematic of tri-complex formation by RMC-4998 along 

with rate constants for each reaction. (F) Mapped pairwise atomic distances between 

structures of apo-CYPA (PDB: 3K0N) and RMC-4998-bound CYPA showing the structural 

rearrangements (white to green gradient) that gave rise to the high-affinity neomorphic 

binding interface for KRASG12C. Interactions between RMC-4998, CYPA, and the Switch I 

(G) or Switch II (H) regions of KRASG12C in the crystal structure of the mature tri-complex 

(1.53 Å). (I) The interaction between KRASG12C (2 μM), RMC-4998 (10 μM), and CYPA 

(2 μM) was determined by native PAGE. (J) As in J, but KRASG12C was loaded with 

non-hydrolysable GTPɣS (active state) or GDP (inactive state). A representative of at least 
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two independent experiments is shown in (I) and (J). (K) HEK293 cells co-expressing small 

bit luciferase-tagged RAS variants and large-bit luciferase tagged CYPA were treated with 

RMC-4998 (100 nM) for 2h followed by determination of luciferase activity (mean ± SEM, 

N=4).
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Fig. 2. Structural constraints for tri-complex formation and active state selective KRAS 
inhibition.
(A) Superimposition of the structures of the CYPA:RMC-4998: KRASG12C tri-complex and 

the KRAS:CRAFRBD/CRD complex (PDB: 6XI7) (31). (B) The effect of RMC-4998 on the 

interaction between the indicated KRAS proteins (12.5 nM) and BRAFRBD (50 nM) in 

either the presence or the absence of CYPA was determined by TR-FRET (mean ± SD, 

N=4). HEK293 cells co-expressing small bit luciferase-tagged KRASG12C and large bit 

luciferase-tagged CYPA (C) or full-length CRAF (D) were treated with RMC-4998 (100 

nM) followed by determination of reconstituted luciferase activity in live cells (mean ± 

SEM, N=3). (E) The indicated parental, CYPA-null or CYPA rescued H358 cells were 

treated as shown and their extracts were analyzed by RBD-pulldown and immunoblotting to 

determine the effect on KRAS activation. A representative of two independent experiments 

is shown. (F) KRAS mutant cells were infected with a dox-inducible saturation mutagenesis 

library based on a KRASG12C backbone and treated with either DMSO or RMC-4885 (100 

nM) for two weeks. Shown is the log(fold-change) (logFC) in abundance relative to T0 

(mean ± 95%CI, N=3) for variants meeting the threshold for statistical significance (see 

Methods). (G) The effect of the indicated CYPA variants on tricomplex formation in live 

cells was determined as in C (mean ± SEM, N=3).
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Fig. 3. Cellular effects of active state selective KRASG12C inhibition.
(A) Extracts from the indicated KRASG12C mutant cell lines were treated with RMC-4998 

for 2 h before lysis and immunoblotting. The levels of active KRAS (KRAS-GTP) were 

determined by pull-down with the RAS-binding domain (RBD) of CRAF. A representative 

of at least two independent experiments for each cell line is shown. (B) The kinetics of target 

inhibition in live cells treated with an active state (RMC-4998, 100 nM) or an inactive state 

(sotorasib, 10 μM and adagrasib, 1 μM) selective inhibitor were determined as in Fig. 2C 

(mean ± SEM, N=3) (C) The indicated cell lines were treated as shown in the presence or 

absence of growth factor (GF) stimulation to determine the effect on ERK phosphorylation 

(pERK/total, 4 h) or cell proliferation (120 h) (mean ± SEM, N=3-4). EGF: epidermal 

growth factor, HGF: hepatocyte growth factor.
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Fig. 4. Potent and selective suppression of KRASG12C-driven tumor growth by tri-complex 
inhibitors.
(A) The indicated cells were treated with increasing concentrations of RMC-6291, 

RMC-4998, or adagrasib for 120h and the effect on cell viability was determined using 

the 3D CellTiter-Glo assay. Each point represents an individual cell line (n = 17 for G12C, 

n=11 for non-G12C) and the gray line indicates the median IC50 for each group of cell 

lines. (B) Mice bearing H358 CDX tumors were treated with RMC-6291 at the indicated 

dose, administered orally once daily, and the tumor volume was assessed for 28 days. 

***adj.p<0.001 for RMC-6291 (all dose groups) vs control, using repeated measures 2-way 

ANOVA (n=6/group for control, n=8/group for RMC-6291); adjusted based on multiple 

comparison via Dunnett’s test on the final tumor measurement. (C) The unbound plasma 

concentration of RMC-6921 and the expression of DUSP6 mRNA in H358 tumors following 

administration of a single oral dose of RMC-6291 at the indicated doses (mean ± SEM, 

n=3). (D, E) The indicated NSCLC (D) or CRC (E) xenograft models were treated with 

RMC-6291(200 mg/kg administered orally once daily) to determine the effect on mean 

tumor growth or regression after 28±2 days (% change from baseline, mean ± SEM, n 

as indicated in table S3). The dashed line indicates 10% reduction in tumor volume from 

baseline.
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