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KRAS mutant alleles by cancer type

and are the most frequent KRAS mutations in NSCLC. This pattern of enrichment for similar
mutational events does not extend beyond NSCLC, however, and it seems highly unlikely that
the preponderance of specific codon 12 alleles in different cancer contexts can be explained by
mutational patterns (Figure 1D). The frequency of mutations in other codons is variable, but
non-codon 12 mutations account for a significant proportionof KRAS activating alleles in some
cancers. For example, mutations in codons 13, 146, and 117 are common in CRC relative to
NSCLC and PDAC (Figure 1C). When looking across the entire spectrum of cancers, mutations

Figure 1. KRAS Mutations in Human Cancers. (A) The spectrum of cancer-associated KRAS mutations. Across all cancers, mutations in 51 different amino acids
have been identified in at least one case. The functional significance of many of these mutations is unclear. Only five amino acids are mutated recurrently: codons 12, 13,
61, 117, and 146. Important functional regions of the protein are highlighted below the linear representation of the KRAS coding region. (B) Clustering of KRAS
mutations. All of the common activating mutations alter the balance of KRAS!GDP to KRAS!GTP by affecting the active site of the enzyme. Commonly mutated
residues are color-coded to correspond with Panel A. This GDP-bound structure of full-length KRAS (PDB code 5TAR) comes from [81]. (C) The diversity of KRAS
alleles. Codon 12 mutations predominate in the ‘big three’ cancers: NSCLC, PDAC, and CRC. In NSCLC, codon 13 mutations also comprise a significant percentage of
alleles, while in PDAC codon 61 mutations are more frequent. CRC stands out in the diversity of KRAS alleles. Here, codon 12 mutations account for only 65% of KRAS
alleles. (D) Codon 12 allele choice. In NSCLC, the two most common alleles, G12C and G12V, result from the same type of mutation, a G to T transversion. In PDAC and
CRC, codon 12 allele choice does not appear to be driven by mutational pattern. All data were collected from cBioportal [6]. Abbreviations: CRC, colorectal cancer;
NSCLC, non-small cell lung cancer; PDAC, pancreatic ductal adenocarcinoma.
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KRAS mutations are most common in the 
three leading causes of cancer death in US:

Percent and allele for codon 12 KRAS mutations by cancer type:

G12 G12 G12

NSCLC + PDAC + CRC = 230,170 deaths = 
38% of all est. US cancer deaths in 2023 

32% NSCLC [76,269 est. new cases in 2023]
92% PDAC [58,926 est. new cases in 2023]
45% CRC [68,400 est. new cases in 2023]
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Targeting RAS(ON) Directly Disrupts Oncogenic Signaling but 
has Historically Proved Challenging
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Natural Compounds Use Abundant Cellular Chaperones to 
Form Tri-Complexes with Distinct Biological Targets
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Chemical remodeling of a cellular chaperone to
target the active state of mutant KRAS
Christopher J. Schulze1†, Kyle J. Seamon1†, Yulei Zhao2†, Yu C. Yang1, Jim Cregg3, Dongsung Kim2,
Aidan Tomlinson3, Tiffany J. Choy1, Zhican Wang4, Ben Sang2, Yasin Pourfarjam2, Jessica Lucas2,
Antonio Cuevas-Navarro2, Carlos Ayala-Santos2, Alberto Vides2, Chuanchuan Li2, Abby Marquez3,
Mengqi Zhong3, Vidyasiri Vemulapalli1, Caroline Weller1, Andrea Gould1, Daniel M. Whalen3,
Anthony Salvador3, Anthony Milin3, Mae Saldajeno-Concar3, Nuntana Dinglasan1, Anqi Chen3,
Jim Evans1, John E. Knox3, Elena S. Koltun3, Mallika Singh1, Robert Nichols1, David Wildes1,
Adrian L. Gill3, Jacqueline A. M. Smith1*, Piro Lito2,5,6*

The discovery of small-molecule inhibitors requires suitable binding pockets on protein surfaces.
Proteins that lack this feature are considered undruggable and require innovative strategies
for therapeutic targeting. KRAS is the most frequently activated oncogene in cancer, and
the active state of mutant KRAS 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 (in which glycine-12 is
mutated to cysteine). The resulting CYPA:drug:KRASG12C tricomplex 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. Tricomplex inhibitors
that selectively target active KRASG12C or multiple RAS mutants are in clinical trials now
(NCT05462717 and NCT05379985).

K
RAS is a small guanosine triphospha-
tase (GTPase) that cycles between an in-
active [guanosine diphosphate (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 (in which glycine-12
is mutated to cysteine) is the most frequent
KRAS mutation in non–small-cell lung cancer
(NSCLC) (4, 5), and 37 to 43% of patients with
NSCLC who harbor this variant respond to
treatment with inhibitors that target 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 ap-
pear 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 dis-
covery strategies have been unsuccessful, sug-
gesting that innovative approaches are needed
for its inhibition. One such approach is inspired
by natural products such as rapamycin and
FK506,which engage the immunophilin FKBP12
to inhibit mechanistic target of rapamycin
(mTOR) or calcineurin, respectively (16–18). Al-
though the targets of these natural products are
dictated by evolution (19), we 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 pro-
duct known to bind CYPA with high affinity
(20). A tool ligand (compound-1) containing a
minimal CYPA-bindingmotif of sanglifehrin A
and a promiscuous cysteine-reactive warhead
(Fig. 1, A and B) was synthesized to facilitate
covalent tethering and de novo tricomplex
formation. The crystal structure of the primi-
tive CYPA:compound-1:KRASG12C tricomplex
(1.40 Å; Fig. 1A and table S1) suggested that
macrocyclization of the ligand (fig. S1C) would
decrease conformational entropy and increase
protein contacts. Macrocyclization through a
substituted indole linker introduced specific

interactions with KRAS (see next paragraph),
and the phenolic hydroxyl was removed to
reduce the number of hydrogen-bond donors
and acceptors. The resulting cyclized core was
modifiedwith either an acetamidemoiety that
enables reversible binding (compound-2; Fig.
1B) or an acrylamide warhead to covalently en-
gage the C12 residue (compound-3; Fig. 1B). As
expected, compound-2 induced CYPA com-
plexeswith guanosine-5′-[(b,g)-imido]triphosphate
(GMPPNP)–bound wild-type KRAS (KRASWT)
as well as KRASG12C [half-maximal inhibitory
concentration (IC50): 510 or 180nM, respectively;
Fig. 1C]. By comparison, compound-3 had in-
creased potency for inducing CYPA complexes
with active KRASG12C (IC50: 52 nM) while re-
taining weak reversible binding to KRASWT

(IC50: 520 nM). Compound-3 was modified to
further increase the selectivity for KRASG12C. Re-
placement of the acrylamide in compound-3with
an ynamide warhead generated compound-4,
which had greater potency and selectivity for
KRASG12C-CYPA tricomplex formation (IC50:
28 nM, 39-fold more selective; Fig. 1C). Owing to
the limit of detection in the tricomplex forma-
tionassay (seematerials andmethods),we elected
to further optimize thewarhead and 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 that of
compound-3 (Fig. 1, B and D, and fig. S1D). In-
stallation of a conformationally optimized linker
improved themaximal rate a further 14-fold and
resulted in RMC-4998 (Fig. 1, B and D, and fig.
S1D). The covalent engagement efficiency ofRMC-
4998 [the ratio of the rate constant of enzyme in-
activation (kinact) to the inhibition constant (KI):
272,000 M−1 s−1 (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 guanosine triphosphate
(GTP)–bound state of KRASG12C.
We next sought to determine the structural

basis for tricomplex formation and KRAS in-
hibition. RMC-4998 bound to CYPA reversibly
to form a low-affinity binary complex [dissocia-
tion constant (Kd) = 1.09 mM, dissociation rate
constant (koff) = 1.0 s−1; Fig. 1E and fig. S1E].
The crystal structure of the mature CYPA:RMC-
4998:KRASG12C-GMPPNP tricomplex (1.53 Å;
table S1) revealed that the aforementioned
chemical optimizations increased the number
of contacts between RMC-4998 and CYPA, com-
pared with those observed in the primitive com-
plex (fig. S2, A and B). 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-p interaction with R55 as
well as numerous favorable hydrophobic con-
tacts (fig. S2, A to G). Through these inter-
actions, RMC-4998 remodeled the molecular
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of alkane per hour, irrespective of the type 
of biofilm formed. However, the larger cal-
culated rate of oil consumption by dendritic 
biofilms compared with spherical biofilms 
is attributed to the presence of more bacte-
ria feeding simultaneously. Notably, the au-
thors developed a mechanistic understand-
ing of the process through live imaging to 
follow temporal changes in biofilm forma-
tion at the spatial resolution of a single 
bacterial cell—close to 2 µm. The authors 
further supported the findings by conduct-
ing experiments guided by liquid-crystal 
theories and simulations. For example, they 
designed experiments that used microfluid-
ics to control and measure deformations of 
an alkane droplet.

There are several practical implications 
from the study of Prasad et al. Data on the 
diameter of oil droplets improve estimates 
of the biodegradation rate by microbes. This 
can help refine the predictions of the fate 
and transport of oil at sea (6). Whether non-
spherical oil-droplet morphologies should be 
accounted for in oil-spill fate-and-transport 
models will depend on how  frequently and 
in which environmental conditions dendritic 
droplets form. A first step to address this will 
be to count different oil-droplet morpholo-
gies after a spill at sea or in realistic exper-
iments. These experiments should take into 
consideration permutations of assembled 
and natural microbial communities that are 
preconditioned in different ways and exposed 
to mixtures of hydrocarbons and crude oil. 

Spherical and dendritic biofilm-coated oil 
droplets are likely to differ in viscous drag 
and density, which affects their buoyancy 
and thus the time spent in the ocean’s water 
column, rather than on the surface, shore, or 
sea floor (7). This is notable because microbes 
on oil droplets will have greater access to nu-
trients such as nitrogen, phosphorus, or iron 
when in the water column. These nutrients 
can be a limiting factor for biodegradation in 
the nutrient-depleted ocean but not in exper-
iments that use nutrient-rich media, such as 
in the study by Prasad et al. Bacteria-coated 
oil droplets rise more slowly than noncoated 
droplets in a water column, and complex 
nonspherical morphologies, resembling the 
detached dendrites with low oil content seen 
by Prasad et al., tend to float or even sink 
(8). The practical implications of these ob-
servations depend on whether oil droplets 
originate from dispersed deep-sea oil spills or 
from surface spills.

Further examination of the oil-water in-
terfacial properties of spherical and den-
dritic biofilms could include proteomic and 

metabolite analyses to identify the amphi-
philic biomolecules responsible for the mor-
phological differences in biofilms. Improving 
temporal resolution with advanced imaging 
could refine biofilm dynamic processes. For 
example, light-sheet microscopy enabled 
the tracing of individual bacterial cells in 
the Vibrio cholerae biofilm over 16 hours, 
revealing an unexpected fountain-like flow 
of cells being transported to the growing 
edge of the biofilm (9). 

Single-cell spatial transcriptomics (which 
provides a profile of gene expression) could 
address why some alkane droplets remained 
spherical whereas others became dendritic 
when colonized by Alca grown for 5 days. On 
the fifth day, Alca is in stationary phase, a 
period with no net increase in the number of 
bacteria and when cells are physiologically 
different from those in the early stage of 
growth. At stationary phase, the bacterium 
Pseudomonas aeruginosa has a greater vari-
ability in gene expression compared with 
that in earlier phases when proliferation is 
rapid (10). This variation within the popula-
tion is presumably a bet-hedging strategy in 
the face of an unpredictable environment—a 
tactic that may also be used by Alca. The sta-
tionary phase also saw increased expression 
of a gene involved in the synthesis of rham-
nolipid, a biosurfactant that may prepare the 
cell for biofilm formation, highlighting par-
allels between P. aeruginosa (10) and Alca.

 Alca alone cannot degrade the thousands 
of hydrocarbons in crude oil. This requires 
a diverse community of microbes (11), inter-
acting with each other or sometimes com-
peting (12). The findings of Prasad et al. lay 
important groundwork for examining more 
realistic scenarios. Translating from single-
species microscale interactions with surfaces 
to macroscale multispecies processes will im-
prove understanding of the mechanisms that 
drive the biodegradation and transport of oil 
spilled into the oceans. j
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CANCER

Targeting 
cancer with 
molecular glues

By Jun O. Liu1,2,3 

M
utations of KRAS   are prevalent in 
various cancers, but this oncogenic 
protein (oncoprotein) was consid-
ered undruggable owing to its rela-
tively flat surface that has no obvi-
ous binding pockets for small 

molecules. A breakthrough came when the 
Cys12 mutation, KRASG12C, was astutely ex-
ploited using a small-molecule drug that 
covalently reacts with the thiol group of cys-
teine (1). This led to the ensuing develop-
ment of two US Food and Drug 
Administration (FDA)–approved KRASG12C 
inhibitors, sotorasib and adagrasib, which 
have brought significant survival benefits to 
patients with cancers that have the KRASG12C 
mutation (2, 3). These inhibitors selectively 
target the guanosine diphosphate (GDP)–
bound inactive form of KRASG12C, which 
makes them slow acting, but patients can 
also develop drug resistance. On page 794 of 
this issue, Schulze et al. (4) report an ap-
proach that targets the active guanosine tri-
phosphate (GTP)–bound KRASG12C with mo-
lecular glues that recruit the cellular 
chaperone cyclophilin A (CYPA) to block 
KRASG12C-induced oncogenic signaling. 

CYPA was initially discovered as a high-
affinity receptor of the immunosuppressive 
drug cyclosporin A (5). Subsequently, CYPA 
was found to possess peptidyl prolyl cis-trans 
isomerase activity that is involved in protein 
folding (6). Notably, the CYPA–cyclosporin A 
complex, but neither CYPA nor cyclosporin 
A alone, binds to and inhibits the protein 
phosphatase activity of calcineurin that is re-
quired for calcium signaling in helper T cells. 
This revealed an unprecedented mode of ac-
tion by a small molecule—working as molec-
ular glue to bring two otherwise noninteract-
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A film of Alcanivorax borkumensis bacteria (green) 
adheres to oil droplets, creating protrusions filled 
with oil that boost the rate of microbial consumption.  
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of alkane per hour, irrespective of the type 
of biofilm formed. However, the larger cal-
culated rate of oil consumption by dendritic 
biofilms compared with spherical biofilms 
is attributed to the presence of more bacte-
ria feeding simultaneously. Notably, the au-
thors developed a mechanistic understand-
ing of the process through live imaging to 
follow temporal changes in biofilm forma-
tion at the spatial resolution of a single 
bacterial cell—close to 2 µm. The authors 
further supported the findings by conduct-
ing experiments guided by liquid-crystal 
theories and simulations. For example, they 
designed experiments that used microfluid-
ics to control and measure deformations of 
an alkane droplet.

There are several practical implications 
from the study of Prasad et al. Data on the 
diameter of oil droplets improve estimates 
of the biodegradation rate by microbes. This 
can help refine the predictions of the fate 
and transport of oil at sea (6). Whether non-
spherical oil-droplet morphologies should be 
accounted for in oil-spill fate-and-transport 
models will depend on how  frequently and 
in which environmental conditions dendritic 
droplets form. A first step to address this will 
be to count different oil-droplet morpholo-
gies after a spill at sea or in realistic exper-
iments. These experiments should take into 
consideration permutations of assembled 
and natural microbial communities that are 
preconditioned in different ways and exposed 
to mixtures of hydrocarbons and crude oil. 

Spherical and dendritic biofilm-coated oil 
droplets are likely to differ in viscous drag 
and density, which affects their buoyancy 
and thus the time spent in the ocean’s water 
column, rather than on the surface, shore, or 
sea floor (7). This is notable because microbes 
on oil droplets will have greater access to nu-
trients such as nitrogen, phosphorus, or iron 
when in the water column. These nutrients 
can be a limiting factor for biodegradation in 
the nutrient-depleted ocean but not in exper-
iments that use nutrient-rich media, such as 
in the study by Prasad et al. Bacteria-coated 
oil droplets rise more slowly than noncoated 
droplets in a water column, and complex 
nonspherical morphologies, resembling the 
detached dendrites with low oil content seen 
by Prasad et al., tend to float or even sink 
(8). The practical implications of these ob-
servations depend on whether oil droplets 
originate from dispersed deep-sea oil spills or 
from surface spills.

Further examination of the oil-water in-
terfacial properties of spherical and den-
dritic biofilms could include proteomic and 

metabolite analyses to identify the amphi-
philic biomolecules responsible for the mor-
phological differences in biofilms. Improving 
temporal resolution with advanced imaging 
could refine biofilm dynamic processes. For 
example, light-sheet microscopy enabled 
the tracing of individual bacterial cells in 
the Vibrio cholerae biofilm over 16 hours, 
revealing an unexpected fountain-like flow 
of cells being transported to the growing 
edge of the biofilm (9). 

Single-cell spatial transcriptomics (which 
provides a profile of gene expression) could 
address why some alkane droplets remained 
spherical whereas others became dendritic 
when colonized by Alca grown for 5 days. On 
the fifth day, Alca is in stationary phase, a 
period with no net increase in the number of 
bacteria and when cells are physiologically 
different from those in the early stage of 
growth. At stationary phase, the bacterium 
Pseudomonas aeruginosa has a greater vari-
ability in gene expression compared with 
that in earlier phases when proliferation is 
rapid (10). This variation within the popula-
tion is presumably a bet-hedging strategy in 
the face of an unpredictable environment—a 
tactic that may also be used by Alca. The sta-
tionary phase also saw increased expression 
of a gene involved in the synthesis of rham-
nolipid, a biosurfactant that may prepare the 
cell for biofilm formation, highlighting par-
allels between P. aeruginosa (10) and Alca.

 Alca alone cannot degrade the thousands 
of hydrocarbons in crude oil. This requires 
a diverse community of microbes (11), inter-
acting with each other or sometimes com-
peting (12). The findings of Prasad et al. lay 
important groundwork for examining more 
realistic scenarios. Translating from single-
species microscale interactions with surfaces 
to macroscale multispecies processes will im-
prove understanding of the mechanisms that 
drive the biodegradation and transport of oil 
spilled into the oceans. j
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ploited using a small-molecule drug that 
covalently reacts with the thiol group of cys-
teine (1). This led to the ensuing develop-
ment of two US Food and Drug 
Administration (FDA)–approved KRASG12C 
inhibitors, sotorasib and adagrasib, which 
have brought significant survival benefits to 
patients with cancers that have the KRASG12C 
mutation (2, 3). These inhibitors selectively 
target the guanosine diphosphate (GDP)–
bound inactive form of KRASG12C, which 
makes them slow acting, but patients can 
also develop drug resistance. On page 794 of 
this issue, Schulze et al. (4) report an ap-
proach that targets the active guanosine tri-
phosphate (GTP)–bound KRASG12C with mo-
lecular glues that recruit the cellular 
chaperone cyclophilin A (CYPA) to block 
KRASG12C-induced oncogenic signaling. 

CYPA was initially discovered as a high-
affinity receptor of the immunosuppressive 
drug cyclosporin A (5). Subsequently, CYPA 
was found to possess peptidyl prolyl cis-trans 
isomerase activity that is involved in protein 
folding (6). Notably, the CYPA–cyclosporin A 
complex, but neither CYPA nor cyclosporin 
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of alkane per hour, irrespective of the type 
of biofilm formed. However, the larger cal-
culated rate of oil consumption by dendritic 
biofilms compared with spherical biofilms 
is attributed to the presence of more bacte-
ria feeding simultaneously. Notably, the au-
thors developed a mechanistic understand-
ing of the process through live imaging to 
follow temporal changes in biofilm forma-
tion at the spatial resolution of a single 
bacterial cell—close to 2 µm. The authors 
further supported the findings by conduct-
ing experiments guided by liquid-crystal 
theories and simulations. For example, they 
designed experiments that used microfluid-
ics to control and measure deformations of 
an alkane droplet.

There are several practical implications 
from the study of Prasad et al. Data on the 
diameter of oil droplets improve estimates 
of the biodegradation rate by microbes. This 
can help refine the predictions of the fate 
and transport of oil at sea (6). Whether non-
spherical oil-droplet morphologies should be 
accounted for in oil-spill fate-and-transport 
models will depend on how  frequently and 
in which environmental conditions dendritic 
droplets form. A first step to address this will 
be to count different oil-droplet morpholo-
gies after a spill at sea or in realistic exper-
iments. These experiments should take into 
consideration permutations of assembled 
and natural microbial communities that are 
preconditioned in different ways and exposed 
to mixtures of hydrocarbons and crude oil. 

Spherical and dendritic biofilm-coated oil 
droplets are likely to differ in viscous drag 
and density, which affects their buoyancy 
and thus the time spent in the ocean’s water 
column, rather than on the surface, shore, or 
sea floor (7). This is notable because microbes 
on oil droplets will have greater access to nu-
trients such as nitrogen, phosphorus, or iron 
when in the water column. These nutrients 
can be a limiting factor for biodegradation in 
the nutrient-depleted ocean but not in exper-
iments that use nutrient-rich media, such as 
in the study by Prasad et al. Bacteria-coated 
oil droplets rise more slowly than noncoated 
droplets in a water column, and complex 
nonspherical morphologies, resembling the 
detached dendrites with low oil content seen 
by Prasad et al., tend to float or even sink 
(8). The practical implications of these ob-
servations depend on whether oil droplets 
originate from dispersed deep-sea oil spills or 
from surface spills.

Further examination of the oil-water in-
terfacial properties of spherical and den-
dritic biofilms could include proteomic and 

metabolite analyses to identify the amphi-
philic biomolecules responsible for the mor-
phological differences in biofilms. Improving 
temporal resolution with advanced imaging 
could refine biofilm dynamic processes. For 
example, light-sheet microscopy enabled 
the tracing of individual bacterial cells in 
the Vibrio cholerae biofilm over 16 hours, 
revealing an unexpected fountain-like flow 
of cells being transported to the growing 
edge of the biofilm (9). 

Single-cell spatial transcriptomics (which 
provides a profile of gene expression) could 
address why some alkane droplets remained 
spherical whereas others became dendritic 
when colonized by Alca grown for 5 days. On 
the fifth day, Alca is in stationary phase, a 
period with no net increase in the number of 
bacteria and when cells are physiologically 
different from those in the early stage of 
growth. At stationary phase, the bacterium 
Pseudomonas aeruginosa has a greater vari-
ability in gene expression compared with 
that in earlier phases when proliferation is 
rapid (10). This variation within the popula-
tion is presumably a bet-hedging strategy in 
the face of an unpredictable environment—a 
tactic that may also be used by Alca. The sta-
tionary phase also saw increased expression 
of a gene involved in the synthesis of rham-
nolipid, a biosurfactant that may prepare the 
cell for biofilm formation, highlighting par-
allels between P. aeruginosa (10) and Alca.

 Alca alone cannot degrade the thousands 
of hydrocarbons in crude oil. This requires 
a diverse community of microbes (11), inter-
acting with each other or sometimes com-
peting (12). The findings of Prasad et al. lay 
important groundwork for examining more 
realistic scenarios. Translating from single-
species microscale interactions with surfaces 
to macroscale multispecies processes will im-
prove understanding of the mechanisms that 
drive the biodegradation and transport of oil 
spilled into the oceans. j
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Tri-Complex Platform Enables Selective Targeting of 
Oncogenic RAS(ON) Proteins

9

Inhibitory Tri-Complexes

RAS(ON) Inhibitor

Cyclophilin A Binary complex

RAS(ON)

Inside cell

Covalent Non-covalent 

Selected 
compounds

RMC-6236 RASMULTI

RMC-0708 KRASQ61H
RMC-6291 KRASG12C
RMC-9805 KRASG12D
RMC-8839 KRASG13C

Tri-complex with cyclophilin A and mutant 
or wild-type KRAS, NRAS, and HRAS
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KRASG12X Mutated Cancer Cell Lines are Highly Addicted to KRAS 
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RMC-6236: Highly Active with Durable Benefit Across in Vivo 
Models of Major Human Cancers with KRASG12X Drivers

RMC-6236 dosed at 25 mg/kg po qd; n=1-10/group
ORR = objective response rate; DCR = disease control rate; PFS = progression-free survival
Progression defined as tumor doubling from baseline. Responses assigned according to mRECIST 
NSCLC = non-small cell lung cancer; PDAC = pancreatic ductal adenocarcinoma; CRC = colorectal cancer
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RMC-6236-001 Phase 1/1b Study Design

• Advanced solid tumors 
with KRASG12  mutations 
(currently excluding 
KRASG12C) 

• Received prior standard 
therapy appropriate for 
tumor type and stage

• ECOG PS 0–1
• No active brain 

metastases

• Safety and tolerability
• Preliminary anti-tumor 

activity

Dose Escalation 

10 mg
20 mg

40 mg
80 mg

120 mg
160 mg

220 mga
300 mg

400 mg
500 mg

Lowest dose/exposure 
range predicted to drive 
tumor regressions in 
patients based on 
preclinical models

Dose Expansion / 
Optimization 

RMC-6236 administered orally QD 

Key Eligibility Criteria

Key Endpoints
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RMC-6236-001: Treatment-Related AEs Occurring in ≥10% of 
All Patients 

10 mg QD
(N=3)

20 mg QD
(N=13)

40 mg QD
(N=9)

80 mg QD
(N=7)

120 mg QD
(N=4)

Overall 
(N=36)

Preferred 
Term

Any 
Grade

Grade 
≥3

Any 
Grade

Grade 
≥3

Any 
Grade

Grade 
≥3

Any 
Grade

Grade 
≥3

Any 
Grade

Grade 
≥3

Any 
Grade

Grade 
≥3

Rash (CMQ)* 0 0 2
(15.4%)

0 4 
(44.4%)

0 6
(85.7%)

0 4
(100%)

0 16
(44.4%)

0

Nausea 1 
(33.3%)

0 2
(15.4%)

0 6
(66.7%)

0 2
(28.6%)

0 1
(25.0%)

0 12
(33.3%)

0

Diarrhea 0 0 1
(7.7%)

0 2
(22.2%)

0 1
(14.3%)

0 2
(50.0%)

0 6
(16.7%)

0

Fatigue 0 0 0 0 2
(22.2%)

0 0 0 2
(50.0%)

0 4
(11.1%)

0

Vomiting 0 0 1
(7.7%)

0 2
(22.2%)

0 0 0 1
(25.0%)

0 4
(11.1%)

0

EDC data as of 02/17/2023. CMQ = Customized MedDRA Query
*Consists of dermatitis acneiform, dermatitis psoriasiform, palmar-plantar erythrodysesthesia syndrome, rash maculo-papular, and rash pustular.

One related grade 4 adverse event of bowel perforation (also considered a serious adverse event) was reported in a patient receiving 80 mg daily. The likely 
cause of the perforation was considered to be shrinkage of metastatic KRASG12V pancreatic cancer at the site of full-thickness bowel infiltration.
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RMC-6236-001: Change in Tumor Burden from Patients with 
KRASG12X NSCLC or Pancreatic Cancer Treated at ≥40 mg Daily 
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EDC data as of 02/17/2023; efficacy evaluable patients defined as those in this data set with at least one post baseline response assessment or who have died or have 
experienced clinical progression prior to the first post baseline scan (n=12). Cycle time is 21 days.  SD = stable disease, PR = partial response. NSCLC = non-small cell lung cancer; 
PDAC = pancreatic ductal adenocarcinoma. *PR subsequently confirmed as of 03/16/23.
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RMC-6236-001 Case Report:
Patient with KRASG12V Metastatic Pancreatic Cancer

• 52 year-old male
• Pancreas mass and peritoneal metastases identified October 2022
• Biopsy of peritoneal nodule: pancreatic adenocarcinoma
• Oct-2022 to Apr-2023 Gemcitabine/Nab-paclitaxel + investigational agent: Stable disease x 6 months
• Apr-2023 to May-2023 5-fluorouracil / folinic acid / nanoliposomal irinotecan: Progressive disease

• Progression of peritoneal metastases
• Somatic NGS: KRASG12V with co-occurring TP53 and SMAD4 mutations from peritoneal biopsy
• Treated with RMC-6236 at 160 mg daily (dose level 6)
• Partial response identified at 6 weeks (RECISTv1.1, -35%), which is ongoing after 4 months
• Normalization of serum CA19-9
• Grade 1 rash, nausea, and diarrhea

Data as of 09/21/2023
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Case Report: Confirmed Partial Response by CT imaging
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Further data in PDAC, NSCLC, and other histologies to be 
presented at…

Preliminary safety and pharmacokinetic profiles of RMC-6236, a first-in-class, RAS-selective, tri-complex 
RASMULTI(ON) inhibitor in patients with KRAS mutant solid tumors on the Phase 1 trial RMC-6236-001
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cancer (NSCLC)
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1st Line Treatment 2nd Line Treatment

* Randomized phase 3 data

FOLFIRINOX Gemcitabine / Nab-paclitaxel

Gemcitabine / Nab-paclitaxel

5FU/LV/nal-Iri

FOLFIRI

FOLFOX

Metastatic PDAC

Gemcitabine alone

*

*

*

*

FOLFIRINOX

NALIRIFOX Gemcitabine / Nab-paclitaxel*5-Fluorouracil, folinic acid, 
irinotecan, oxaliplatin (Port, 
Steroids, G-CSF, GI Tox)

Molecularly 
selected therapies 

(when possible)

All patients: 
- Germline panel testing
- MMR/MSI testing
- Somatic NGS

Current treatment paradigm for metastatic pancreatic cancer

MMR-D: Anti-PD-1 Ab
gBRCA1/2 mut: Olaparib
Other targets: 
BRAF mut, fusions



Adagrasib in advanced, previously-treated PDAC 
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FIG A1. Waterfall plot of maximum percentage tumor change from baseline in
patients with (A) PDAC and (B) BTC cancers. BTC, biliary tract cancer; PDAC,
pancreatic ductal adenocarcinoma.
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ORR: 33% (7/21)
DCR: 81% (17/21)
mPFS: 5.4 mos
mOS: 8.0 mos

N=21 patients

Bekaii-Saab et al. JCO 2023

Strickler et al. NEJM 2023

Sotorasib in advanced, previously-treated PDAC

ORR: 21% (8/38)
DCR: 84% (32/38)
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mOS: 6.9 mos
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N=38 patients

Divarasib in advanced, previously-treated PDAC: 
ORR 43% (3/7); DCR 100% (7/7) Sacher et al. NEJM 2023

For the 1%: KRASG12C inhibitors in pancreatic cancer
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• Rationale for IP plus chemotherapy combinations.

• Chemotherapy and overlapping toxicities.

• Patients often with multiple symptoms and complications from the disease.

• 1st line molecularly-selected trials need rapid turn-around for assay results.

• Maintenance trials are of growing interest.

• Rapid movement of effective drugs to earlier treatment settings.

• KRAS inhibitors should have large role to play! 

• Get research tissue. 

Practicalities for General Trial Design in Pancreatic Cancer



Histologic transformation and changes to the TME as 
mechanisms of resistance

Adeno-Squamous Transition (AST): Transition to 
squamous cell carcinoma upon adagrasib 
resistance observed in 2 of 9 (22%) NSCLC cases 
with paired pre-/post-treatment tissue biopsies. 

Awad,…, Aguirre et al. NEJM 2022
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Figure 3.
Pancreatic cancer expression subtype concordance across tissue areas.A,RepresentativemIF images fromTMA core analysis. Case, PANT0084; top, Core 1; bottom,
Core 2. (Also areas with red border in Fig. 3C). Scale bar, 100 mm. B, Pairwise comparison for basal-classical axis score from two cores per tumor (N¼ 220 tumors,
with vertical bars representing the two cores for each patient). Strong positive correlation in basal-classical axis score between cores (Pearson correlation, R¼ 0.67;
P < 0.0001). C, Representative mIF images from ROI analysis inWSS. Case, PANT0084. Whole slide image. White boxes, ROI sample sites forWSS analysis (7 sites);
red circles, sample sites for TMA analysis (two sites); yellow dash line, tumor area. Images 1 to 7, scale bar, 100 mm. D, Strong positive correlation between
basal-classical axis score as determined by mIF in TMA cores and WSS (N ¼ 25, Pearson correlation, R ¼ 0.86; P < 0.0001). E, Strong positive correlation in
basal-classical axis score between two core needle biopsy specimens from the same metastatic lesion analyzed using mIF and scRNA-seq (N ¼ 10;
Pearson correlation, R ¼ 0.91; P < 0.0001). F, Tumor-level correlation analysis for two needle biopsy cores from the same metastatic lesion. Categorical tumor
subtype call (basal, > 50% basal fraction; classical, > 50% classical fraction) and subtype fraction comparison.

Single-Cell Spatially Resolved PDAC Subtype Heterogeneity

AACRJournals.org Cancer Res; 83(3) February 1, 2023 449

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/83/3/441/3265387/441.pdf by H

arvard M
edical S

chool user on 03 A
pril 2023

Figure 3.
Pancreatic cancer expression subtype concordance across tissue areas.A,RepresentativemIF images fromTMA core analysis. Case, PANT0084; top, Core 1; bottom,
Core 2. (Also areas with red border in Fig. 3C). Scale bar, 100 mm. B, Pairwise comparison for basal-classical axis score from two cores per tumor (N¼ 220 tumors,
with vertical bars representing the two cores for each patient). Strong positive correlation in basal-classical axis score between cores (Pearson correlation, R¼ 0.67;
P < 0.0001). C, Representative mIF images from ROI analysis inWSS. Case, PANT0084. Whole slide image. White boxes, ROI sample sites forWSS analysis (7 sites);
red circles, sample sites for TMA analysis (two sites); yellow dash line, tumor area. Images 1 to 7, scale bar, 100 mm. D, Strong positive correlation between
basal-classical axis score as determined by mIF in TMA cores and WSS (N ¼ 25, Pearson correlation, R ¼ 0.86; P < 0.0001). E, Strong positive correlation in
basal-classical axis score between two core needle biopsy specimens from the same metastatic lesion analyzed using mIF and scRNA-seq (N ¼ 10;
Pearson correlation, R ¼ 0.91; P < 0.0001). F, Tumor-level correlation analysis for two needle biopsy cores from the same metastatic lesion. Categorical tumor
subtype call (basal, > 50% basal fraction; classical, > 50% classical fraction) and subtype fraction comparison.

Single-Cell Spatially Resolved PDAC Subtype Heterogeneity

AACRJournals.org Cancer Res; 83(3) February 1, 2023 449

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/83/3/441/3265387/441.pdf by H

arvard M
edical S

chool user on 03 A
pril 2023

Williams et al. Cancer Res 2023
Raghavan et al. Cell 2021

We next examined macrophage density and polarization status
across anM1–M2spectrum, as previously described (17).Neoadjuvant
treatment was associated with a six-fold higher number of intrae-
pithelial macrophages compared with up-front resected tumors
(Table 2; Supplementary Table S5; Supplementary Fig. S10). In both

stromal and intraepithelial areas, neoadjuvant therapy shifted the
balance of M1 and M2 polarized macrophages toward an M1 pheno-
type, as reflected by a significantly higher M1:M2 density ratio in
neoadjuvant-treated tumors. Although neoadjuvant treatment was
associated with alterations in bothM1- andM2-polarizedmacrophage
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Figure 3.
Associations of neoadjuvant therapy with immune cell profiles in the pancreatic cancer microenvironment. Immune cell composition of 30 up-front resected PDAC
and 36 cases that underwent neoadjuvant treatment (A). Examples of mIF images and corresponding phenoplots for T-cell subsets, myeloid cell subsets and
macrophage polarization panel in up-front resected and neoadjuvant-treated PDACs (B). Boxplots depicting the distribution of overall (combined intraepithelial and
stromal areas) immune cell densities in 30 up-front resected PDACs and 36 neoadjuvant-treated cases (C). Immune cell composition of tertiary lymphoid structures
(TLS) in 23 up-front resected PDACs and 25 neoadjuvant-treated cases (D). Sankey plot depicting the relationship between neoadjuvant treatment status and the
four main patterns of immune cell infiltration detected using unsupervised k-means clustering analysis across both the up-front resected and neoadjuvant cohorts
(E). Scale bars represent 200 mm. P values were calculated with Wilcoxon rank-sum test. ! , P < 0.05; !! , P < 0.005; !!! , P < 0.001.
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Translational platform for clinical trials of KRAS inhibition 
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Summary

RMC-6236-001: Phase 1/1b Multicenter Open-Label Study of RMC-6236 in 
Subjects with Advanced Solid Tumors Harboring Specific Mutations in KRAS 

• RMC-6236 is a tri-complex, KRASMULTI(ON) inhibitor with strong preclinical data in multiple 
KRAS-mutant malignancies across different KRAS variants

• Trial enrollment is ongoing at 10 U.S. sites

• Toxicity profile thus far has consisted primarily of rash, nausea/vomiting, and diarrhea.

• Early efficacy signals have been seen, with partial responses by RECISTv1.1 in patients with 
KRAS-mutant NSCLC and PDAC

• Additional data to be presented next month at AACR-NCI-EORTC Conference (Boston) and 
ESMO Congress (Madrid).



Thank you.

RMC-6236-001: Phase 1/1b Multicenter Open-Label Study of RMC-6236 in 
Subjects with Advanced Solid Tumors Harboring Specific Mutations in KRAS 

Virginia
San Antonio

Enrolling patients and their families
Investigators and staff at the 10 enrolling centers
Revolution Medicines study team


