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Abstract:

Despite the high prevalence of cancers driven by KRAS mutations, to date only the
G12C mutation has been clinically proven to be druggable via covalent targeting of the
mutated cysteine amino acid residue (1). However, in many cancer indications other KRAS
mutations, such as G12D and -V, are far more prevalent and small molecule concepts that can
address a wider variety of oncogenic KRAS alleles are in high clinical demand (2). Here we
show that a single small molecule can be used to simultaneously and potently degrade 13 out
of 17 of the most prevalent oncogenic KRAS alleles, including those not yet tractable by
inhibitors. Compared with inhibition, degradation of oncogenic KRAS results in more
profound and sustained pathway modulation across a broad range of KRAS mutant cell lines.
As a result, KRAS degraders inhibit growth of the majority of cancer cell lines driven by
KRAS mutations while sparing models without genetic KRAS aberrations. Finally, we
demonstrate that pharmacological degradation of oncogenic KRAS leads to tumour
regression in vivo. Together, these findings unveil a new path towards addressing KRAS
driven cancers with small molecule degraders.

One-Sentence Summary:

The most prevalent KRAS variants which drive tumour growth in a major share of cancer
patients can be targeted with a single small molecule degrader.
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Main Text:

Introduction

Kirsten rat sarcoma viral oncogene homologue (KRAS) is the most commonly
mutated oncogene in human cancers (3). Variants, predominantly mutations at Glycine (G)
12 or Glutamine (Q) 61, increase the proportion of activated, GTP-loaded KRAS, enhancing
RAF-MEK-ERK (MAPK) signaling and drive tumor growth. To date, clinical advances in
drugging oncogenic KRAS variants have relied on specific interactions of small molecules
with the mutated amino acid residues. For example, covalent inhibitors rely on a cysteine
residue available in KRASC?C (1, 4) while reversible inhibitors rely on interactions between
basic moieties and a variant specific aspartate residue in KRASC?P (5). Indeed, beyond these
variants, even pre-clinical target validation has been reliant on genetic means that lack dose,
kinetic and temporal control. New concepts that can lead to single agents capable of potently
and selectively addressing multiple KRAS variants stand to have major clinical impact.
Recently, BI-2865 and BI-2493 were disclosed as the first example of KRAS inhibitors
capable of engaging a broader spectrum of KRAS alleles than clinically validated inhibitors

(6).

Small molecule heterobifunctional degraders (proteolysis targeting chimeras -
PROTACS) are transforming drug development for oncology, with >25 degrader drugs in
clinical trials for several indications (7, 8). Early PROTACs recruiting the von Hippel-Lindau
(VHL) or cereblon E3 ubiquitin ligases to KRAS®?C have been disclosed based on covalent
KRAS binders (9, 10). However, as KRAS engagement mediated by covalent target ligands
itself leads to irreversible inhibition, this approach inherently lacks key mechanistic
advantages of degraders such as substoichiometric and catalytic mode of action (11). To
engage and degrade a wider range of KRAS variants beyond G12C, PROTAC degraders thus
require leveraging of non-covalent KRAS binders, the discovery of which has proven
inherently challenging. However, there has been recent progress in this direction, with non-
covalent KRASC?P degraders based on KRASCG?P-selective inhibitors currently undergoing
early clinical testing (12).

Here, we provide pre-clinical validation for a single small molecule degrader,
targeting 13 of the 17 most prevalent KRAS mutants, which illuminates a new pan-KRAS
degradation concept conferring potential for major clinical benefit. By employing structure-
guided design we identify ACBI3, which achieves in vivo degradation of oncogenic KRAS,
resulting in durable pathway modulation and tumour regressions in KRAS mutant xenograft
mouse models.

Identification of VHL-based KRAS Degraders Based on Non-Covalent KRAS Binders

As a starting point, we chose to use a high affinity KRAS switch 11 pocket ligand we
have recently disclosed (6, 13). Analysis of co-crystal structures highlighted a solvent
exposed sub-pocket formed by the amino acids His95, Glu62, and Asp92, which we deemed
to be a promising position to install linkers for PROTAC design (Fig. 1A). Due to the
importance of the interaction of the basic center of these substituents with the surrounding
amino acids we focused our PROTAC design approach on motifs maintaining the basicity of
the molecule in this region. Thorough X-ray crystallographic analysis (PDB accession code
8QUG) of the recently published BI-2865 and close analogs revealed that the homopiperazine
compound 1 (dissociation constant for KRAS®2V by surface plasmon resonance — SPR — Kp
=25 nM, table S1), provided a suitable trajectory for linker attachment (Fig. 1A). Applying
an initial screening approach based on alkyl and polyethylene glycol (PEG)-based linkers in
combination with VHL ligase binders based on VH032 (14), we tested the resulting
molecules in a biophysical screening assay based on fluorescence polarization (FP). This
assay reports affinity for the VHL:EloC:EloB (VCB) complex with or without pre-incubation
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at saturating concentrations of KRASCP, Cooperative VCB:PROTAC:KRAS®?P ternary
complex formation is indicated by lower competitor concentrations achieving half maximal
displacement (Kp) in the presence of KRAS®?P (15). This highlighted compound 2 (Fig. 1B)
as a highly cooperative (alpha = 479, table S1) and high-affinity ternary complex inducer (Kp
=7 187 nM vs 15 nM in the absence or presence of KRAS®'?D, respectively) (Fig. 1C, table
S1). We orthogonally confirmed ternary complex formation via SPR yielding a ternary
complex dissociation half-life (t2) of 159 s and an equilibrium dissociation constant (Kp) of
20 nM (Fig. 1D, table S1). Compound 2 dose-dependently degraded KRASC?P in GP5d cells
with a concentration inducing half maximal degradation (DCso) at 24 hours of 607 nM and a
maximal extent of degradation (Dmax) of >95% (Fig. 1E, table S2). Similar results were
obtained by Western blotting using an antibody detecting both wild type and mutant KRAS
expressed by GP5d cells (fig. S1A). Compound 2 also degraded KRAS®2Y in SW620 cells
(DCso = 1 203 nM, Dmax >95%) indicating that KRAS degradation is not limited to
KRASCP (fig. S1B, table S2). To enable high throughput characterization of degraders, we
set up a bioluminescence-based degradation assay in GP5d cells expressing KRAS®?D with a
small luminescence complementation (HiBiT) tag inserted into the endogenous KRAS locus
yielding comparable degradation parameters (fig. S1C, table S2) (16). Degradation was
abolished in the presence of the NEDD8-activating enzyme inhibitor MLN4924 (17) or the
competing VHL ligand VH298 (18) (fig. S1D) supporting that KRAS degradation by
compound 2 depends on intracellular recruitment of an active VHL ligase complex. We also
detected direct KRAS ubiquitination and intracellular formation of ternary complexes by
bioluminescence resonance energy transfer (BRET) based assays (fig. S1E and -F). The
cellular target engagement assays, comparing the ability of compound 2 to engage VHL in
either permeabilized or live cells (ICso values 5 UM and >10 uM, respectively) indicated the
need to further optimize cellular permeability as well as VHL affinity (Fig. 1F).

Having established compound 2 as a VHL-based KRAS degrader, we went on to
synthesize a molecular matched pair, replacing the oxygen atom in the linker by a methylene
group Yyielding compound 3 (Fig. 1B). Compound 3 still displayed positive cooperativity and
long-lived ternary complex half-life (alpha = 17, Kp = 340 nM by FP, Kp = 80 nM and ty» =
103 s by SPR, Fig. 1C, fig. S1G, table S1) albeit reduced compared to compound 2.
Degradation potency improved by greater than ten-fold for KRASC®?P (GP5d, DCso = 32 nM,
Dmax = 99%) (Fig. 1E, table S2) and KRASC?Y (SW620, DCso = 278 nM, Dmax = 88%) (fig.
S1B, table S2) with similar results again obtained by Western blotting using an antibody
detecting both wild type and mutant KRAS and loss of degradation at high concentrations
favoring binary rather than ternary engagement, referred to as “hook effect” (fig. S1A).
Cellular target engagement assays showed that both improved cellular permeability as well as
VHL affinity likely contributed to the superior degradation potency of compound 3 (Fig. 1F).
Selective targeting of KRAS while sparing H- and NRAS has been linked to the therapeutic
window of the KRAS ligand we based our design upon (6). We therefore tested selectivity of
degradation by targeted proteomics in the cell line NCI-H358. While we detected degradation
of both KRAS®'?C (Dpax > 54%) and KRASWT (Dmax > 86%), which represents roughly one
third of the KRAS pool in this cell line, we detected no significant change in H- or NRAS
levels (Fig. 1G, fig. S1H).

To understand the binding mode and enable structure-based optimization, we
determined the ternary co-crystal structure of compound 3 in complex with VCB and
KRASC12V at 2.2 A resolution (Fig. 1H) (PDB 8QWS6). Compound 3 adopts a “fishhook”
conformation, burying the VHL binder section of compound 3 in a de novo binding interface
formed between KRAS®'?V and VHL. The crystal structure contains two molecules of ternary
complex in the asymmetric unit, revealing a consistent binding mode (RMSD = 0.54 A), but
a different fingerprint of protein-protein and protein-ligand interactions. This indicates that
there is subtle flexibility within the compound 3 ternary complex, allowing the complex to
shift between nearby networks of favorable protein-protein interactions. Using a biophysics-
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led screening approaching we identified compound 3 as a KRAS degrader prototype based on
a non-covalent target ligand. However, we noted that compound 3 has a poorer efficiency of
degradation for KRAS®2C as opposed to WT (Fig. 1G), motivating us to investigate if further
improvements could be made to broaden the range of KRAS mutants we could potently
degrade.

Identification of Pan-KRAS Degraders

With the objective of identifying molecules that potently degrade multiple KRAS
mutants we next sought to employ structure-based design using the solved ternary co-crystal
structure of compound 3 to improve ternary complex stability and intracellular VHL
engagement. Extending ternary complex stability (increased t12) has been shown to improve
rate and potency of target protein degradation (19-21). Analysis of the
VCB:compound 3:KRASC?V co-crystal structure (Fig. 1H) highlighted an opportunity to
enhance interactions within the ternary complex by improving n-stacking between the exit
vector amide of the VHL ligand and Tyr112. We therefore switched the amide for an
isoxazole, which has been previously reported to improve VCB affinity in this position in
other contexts (22), yielding compound 4 (Fig. 2A). A ternary complex co-crystal structure of
VCB:compound 4:KRAS®'2Y (PDB 8QW?7) confirmed a consistent overall binding mode to
that observed for compound 3 (RMSD = 0.72 A), with compound 4 able to engage in n-
stacking interaction between the isoxazole and Tyr112 of VCB as designed (Fig. 2B). As
with compound 3, the compound 4 ternary complex revealed different networks of induced
protein-protein interactions within the two ternary molecules in the asymmetric unit,
indicating complex flexibility. FP, SPR and cellular target engagement studies support a
minor improvement in binary VHL engagement for compound 4, with moderate cooperativity
retained (fig. S2A-C, table S1). A larger shift in durability of ternary complex can be
observed via SPR for compound 4 (t2 = 230 s, table S1) vs compound 3 (tr2 = 103 s, table
S1). We then investigated the impact of these structural changes on degradation kinetics in
live HiBiT-tagged GP5d cells (fig. S3A-D). While maximal degradation rates (Aimax) did not
vary significantly between compound 3 and compound 4 (approximately 0.5 1/hour for both
compounds, table S2), the concentration inducing the half maximal cellular degradation rate
(Dmaxso) was three-fold lower for compound 4 (Dmaxso = 56 nM for compound 3 vs Dmaxso
=17 nM for compound 4) (Fig. 2C, table S2). The improved Dmaxsg for compound 4
translated into drastically improved cellular VHL-dependent degradation potencies of
compound 4 vs compound 3 for endogenous KRAS®2P (GP5d, DCsp = 1 nM, Dmax = 99.5%,
table S1) and KRAS®!2Y (SW620, DCso = 13 nM, Dmax = 89%) (Fig. 2D, fig. S3E-G).

To gauge KRAS mutation specificity on a broader basis without contribution of
potentially confounding factors, we established an isogenic series of cell lines transduced
with retroviral constructs expressing the most prevalent KRAS mutants (isoform 4B) fused to
a HiBiT-tag in GP5d cells. Analysis of clones isolated from the resulting cell pools revealed
that up to 30-fold differences in expression of tagged KRAS did not affect degradation
potency of compound 4 in this system (fig. S3H and 1). Constructs of both KRAS isoforms
(4A and 4B) were degraded with comparable potencies (fig. S3J). Dose titration revealed that
compound 4 efficiently degraded 13 of the 17 most prevalent KRAS mutant alleles and
KRASWT with single digit nanomolar potency (Fig. 2E). Supporting this, we obtained
comparable results for endogenous KRAS in cell lines expressing KRASCS, -G12A, -G13D
and -Q61H treated with compound 4 (Fig. 2F). KRAS mutants with a more complete loss of
GTPase activity, such as KRAS®'?R (DCsp = 45 NM, Dmax = 59%) and -Q61L/K/R (DCso >
470 nM Dnmax < 60%), were degraded less potently, consistent with the relative binary binding
affinity to these KRAS mutants of the ligand class employed in this study (6). Together, these
data are consistent with degradation of KRAS mutants with residual GTPase activity by
engagement of the inactive, GDP-bound state. Compound 3 was associated with a similar
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degradation spectrum albeit with reduced potency for all degradable mutants suggesting that
the optimized potency of compound 4 vs compound 3 affected a broad spectrum of KRAS
alleles (Fig. 2G). We went on to assess the cellular selectivity of compound 4-induced KRAS
degradation by unbiased MS-proteomics in GP2d cells, using compound 5, a VHL binding
deficient stereoisomer of compound 4 as a negative control. KRAS was the only detected
protein showing > 2-fold depletion (p < 0.01) with NRAS levels not significantly affected
(Fig. 2H). Similar results were obtained in KRASS®2¢ mutant MiaPaCa-2 cells using another
VHL binding deficient isomer, compound 6 as a degradation deficient control (fig. S3K). In
summary, our structure-guided design approach led us to compound 4, a highly selective
KRAS degrader now acting on a broad spectrum of KRAS mutants with high prevalence in
cancer patients.

KRAS Degradation Potently Suppresses Oncogenic Signaling and Proliferation

Next, we set out to test the ability of a single pan-KRAS degrading molecule,
compound 4, to selectively suppress oncogenic signaling and proliferation in cancer cell lines
driven by diverse KRAS mutants. To this end, we first confirmed degradation of KRAS by
compound 4 in KRAS-dependent (GP2d, SW620 and NCI-H358 expressing KRAS®1?D, -
G12V or -G12C, respectively) as well as in KRAS independent (A-375, HEK293) cell lines
(Fig. 3A, fig. S4A). To compare degradation vs inhibition of KRAS, we also profiled
compound 5 (VHL-binding deficient stereoisomer) which has the same overall chemical
formula and close-to-identical physicochemical properties and engages KRAS non-covalently
without inducing KRAS degradation (Fig. 3A, fig. S4A). Alongside, we also profiled the
covalent inhibitor of KRAS®'%C Sotorasib (23) or the non-covalent KRAS®2P inhibitor
MRTX-1133 (24) as appropriate (Fig. 3A, fig. S4A). Both inhibition and degradation
repressed the established markers of MAPK signaling pERK (fig. S4B-D) and DUSP6 (Fig.
3B, fig. S4E) in KRAS dependent cell lines. Both KRAS independent cell lines did not
exhibit suppression of pERK or DUSP6 exceeding 50% of control (Fig. 3B, fig. S4B and D-
E). Compound 4 was > 10-fold more potent in suppressing MAPK signalling in KRAS
dependent cell lines compared to its VHL binding deficient stereoisomer compound 5
indicating that E3 ligase engagement and subsequent target degradation as compared to
inhibition results in more potent pathway engagement (Fig. 3B, fig. S4B-E, table S2). In the
KRAS-dependent cell lines MAPK pathway engagement coincided with prominent inhibition
of proliferation, with degradation conferring a greater than ten-fold and up to 100-fold
potency gain (Fig. 3C, fig. S4F, table S2). Neither degradation nor inhibition had appreciable
antiproliferative effects in the KRAS independent cell lines A-375 and HEK?293 (Fig. 3C, fig.
S4F). Comparable results albeit with lower potency were obtained for compound 3 (fig. S5,
table S2). While long term treatment with compound 4 sustainably suppressed mutant and
wild type KRAS expression for up to 72 hours in KRAS mutant and KRASWT cell lines (fig
S6A-D, top row), we noted a pronounced recovery of phospho-protein markers of both the
MAPK- and phosphoinositide kinase pathways in KRAS mutant cell lines for both KRAS
degraders and -inhibitors (fig. S6A-C, second to third row). This observation suggests that
reactivation via feedback mechanisms occurs in the presence of minimal levels of mutant
KRAS possibly, at least in part mediated by H- and NRAS as suggested by H- and NRAS
contributing to MAPK pathway output upon KRAS inhibition (6). DUSP6 modulation and
induction of apoptosis confirmed the greater than 10-fold potency gain for KRAS degradation
over -inhibition (compare results for compound 4 and 10-fold excess of the degradation
inactive stereoisomer compound 5 in fig S6A-C, fourth and fifth row). In agreement with
KRAS mediating mitogenic signaling, both KRAS inhibition and degradation induced a
prominent G1/GO cell cycle arrest in KRAS mutant but not KRASWT cell lines, with a greater
than 10-fold potency gain for degradation vs inhibition (fig. S6A-D, bottom panels).
Analogous to short term proliferation assays, clonogenic growth assays also support the
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enhanced potency of KRAS degradation over KRAS inhibition in KRAS mutant but not
KRASWT cell lines (fig. S6E-H).

Pharmacological degradation of a target can result in target resynthesis dependent
pathway engagement (25). To test whether this applies to our KRAS degraders, we pre-
treated KRAS®'?P-dependent GP2d cells with compound 4 to achieve maximal KRAS
degradation or the inactive stereoisomer compound 5 at the identical concentration and 10-
fold excess to achieve comparable pathway inhibition by non-covalent engagement of KRAS.
After pre-incubation, the medium was exchanged to wash out compound 4 or its inactive
stereoisomer and replaced by culture medium containing VH298 to compete against VHL
binding of any residual compound 4 (Fig 3D, empty bars). Alternatively, we re-exposed the
cells to the same treatments as during the pre-incubation (Fig. 3D, filled bars). Upon washout,
KRASGP [evels recovered in a time-dependent fashion reaching 21% of untreated controls
24 hours after washout of compound 4. In contrast, KRAS®2P |evels remained below 5% of
controls upon re-addition of compound 4 (Fig. 3D, top panel, compare red empty bars with
red solid bars, respectively). Both pERK and DUSP6 rapidly recovered after washout of the
inactive stereoisomer compound 5 reaching control levels after 2-4 hours even though the 10-
fold excess of compound 5 achieved pERK and DUSP6 suppression comparable to the
compound 4 pre-incubation. In contrast, cells pre-treated with compound 4 exhibited long
lasting MAPK pathway suppression consistent with the delayed recovery of KRASG?P after
washout (Fig. 3D, middle and bottom panels, compare empty red bars with empty dark blue
bars). Of note, re-addition of compound 4 or 1 uM compound 5 appreciably suppressed
pERK and DUSP6 for up to 24 hours after media exchange and compound re-addition.
Hence, KRAS degradation results in long-lasting MAPK pathway suppression with delayed
recovery compared to non-covalent KRAS inhibition upon compound withdrawal. We also
compared the antiproliferative activity of compound 4 to that of KRAS®*?C-specific covalent-,
non-covalent KRAS- and the MEK inhibitor trametinib in a cell line panel comprising 300
cell lines covering a range of KRAS mutations and cancer indications (Fig. 3E). On a global
scale, cell lines bearing KRAS mutants had lower concentrations required for half-maximal
proliferation inhibition (1Cso) as compared to WT cell lines (geometric mean 1Csp = 739 nM
vs 4 934 nM, respectively) (fig. S61). Applying a sensitivity cutoff of 1 uM, all sotorasib-
sensitive KRASC2C-mutant cell lines were also sensitive to compound 4. In addition,
sensitivity to compound 4 was correlated with that of the KRAS inhibitor BI-2493 albeit with
higher potency for compound 4. Notably, most cell lines sensitive to compound 4 as well as
B1-2493 bear a KRAS mutation whereas trametinib exhibits less selective antiproliferative
effects and potently kills KRASWT cell lines (Fig. 3E, heat maps underneath bar plot).
Consistent with the drastically reduced activity of compound 4 on highly hydrolysis impaired
KRAS mutants, the two KRASQ6K mutant cell lines were insensitive (Fig. 3E, genetic
features underneath bar plot). Apart from reasons pertaining to high-throughput
antiproliferative activity profiling, some features may explain insensitivity of a subset of
KRAS mutant cell lines to compound 4. For instance, lack of antiproliferative activity of
compound 4 in cell lines sensitive to KRAS ablation may be linked to its susceptibility to
drug efflux (table S3, CaCo-2 assay). Co-treatment with the ABCB1 efflux-pump inhibitor
Zosuquidar (26) rescued both proliferation and KRAS degradation in LS513 cells expressing
high levels of ABCB1 (fig. S6J and K).

To characterize the effects of pan-KRAS degradation more globally on the molecular
level, we performed a time-resolved (phospho-)proteomic analysis of NCI-H358 and GP2d
cells in response to compound 4 or its VHL-binding deficient isomer compound 5 at the
concentration of compound 4 achieving maximal degradation in each cell line (fig. S7A). The
results recapitulated KRAS (but not HRAS) degradation in both models (fig. S7B and -C),
and quantification of ~20 000 phosphorylation sites allowed for the comprehensive
characterization of affected phosphorylation events (fig. S7D). Phosphorylation events
detected in all treatments revealed a pronounced overlap for both compounds in either cell
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line, with several cell line-specific differences (Fig. 3F). While both compound 4 and
compound 5 engaged the MAPK pathway, compound 4 modulated phosphorylation events
detected in all treatments with greater effect size than compound 5 (Fig. 3F, fig. S7E). Only a
few phosphorylation events displayed more pronounced modulation by compound 5 as
compared to compound 4 (Fig. 3F, fig. STE). Gene ontology enrichment analysis
demonstrated reduced activity of multiple pathways, including the cell cycle, in response to
compound 4 but not compound 5 (Fig. 3G, fig. S7F and -G). Hence, both inhibition and
degradation of KRAS modulate largely overlapping sets of phosphorylation events albeit
with distinct effect size and potency. Taken together, as compared to target inhibition
achieved by compounds with comparable molecular properties, KRAS degradation enables
greater than 10-fold higher potency paired with extended and more pronounced suppression
of MAPK signaling. In conclusion, KRAS degradation selectively shuts down oncogenic
signaling more potently and more durably than a matched molecular pair inhibitor in KRAS
dependent cell lines. This leads to suppression of cell cycle progression, induction of
apoptosis and thus inhibition of proliferation in the context of a wide range KRAS mutants in
vitro.

In Vivo KRAS Degradation leads to regressions in KRAS mutant tumor-bearing mice.

Next, we wished to understand possible advantages of KRAS degradation in vivo. For
instance, degradation has been shown to extend pharmacodynamic (PD) efficacy beyond the
detectable pharmacokinetic (PK) presence of a degrader in other settings (25).
Pharmacokinetic profiling of compound 4 suggested insufficient exposure irrespective of the
route of administration. Plasma concentrations achieved via intravenous (i.v.) or sub-
cutaneous (s.c.) dosing did not cover the predicted in vivo DCsg (Fig. 4A, table S3 and S4).
The latter was estimated using potency of degradation of HiBiT-labeled KRASC?P in assays
with fetal calf serum (FCS) substituted by serum of NMRI mice or human serum. Whereas
the degradation potency of compound 4 was comparable in FCS and human serum (DCso =
1.4 and 1.9 nM, respectively), we noted a 24-fold potency drop in presence of 10% mouse
serum (DCso = 33 nM) (Fig. 4B). This yields a predicted in vivo DCso of 851 nM for the
GP2d model in NMRI mice (vs 3.6 nM in FCS) (table S2).

Seeking to achieve in vivo active concentrations and to maintain the productive elements of
ternary complex molecular recognition observed in compounds 3 and -4, we swapped the
isoxazole for a triazole and introduced a hydroxymethyl group at the benzylic position of the
VHL binder to obtain compound 7, herein referred to as ACBI3 (Fig. 4C). While slightly
improving solubility (4 pg/mL vs < 1 pg/mL at pH 4.5, table S3) SPR (fig. S8A) and FP (fig.
S8B) suggested remarkable VHL engagement for ACBI3, with high signal detected via SPR
beyond >1 000 s resulting in an apparent biophysical half-life of its binary complex with
VHL of > 2 000 s (fig. S8A, table S1). Aiming to measure ternary complex stability, we
noted that the FP assay reached the limits of quantification due to ternary Kp approaching
that of the assay probe (fig. S8B). However, by SPR, ternary complex Kp was quantifiable
and 4-fold improved vs compound 4 (6 nM for ACBI3 vs 26 nM for compound 4) (fig. S8C,
table S1). Single particle cryo-electron microscopic analysis of the
KRASC2V:ACBI3:VCB:Cul2:Rbx1 complex (fig. S9 and S10) revealed significant flexibility
throughout the entire complex (Fig. 4D), likely necessary for successful ubiquitin transfer.
While high-resolution modelling of ACBI3 binding was limited by a high flexibility of
KRAS, we clearly observed the density of the VHL-binding part of ACBI3, as well as the
connecting density of the linker (fig. S11A and B). Overlay with a 2.2 A resolution ternary
co-crystal structure of KRAS®2V:ACBI3:VCB (PDB 8QVU) supports the same overall
binding architecture via both techniques (Fig. 4D, fig. S11C). Details of the PROTAC
binding site in the X-ray structure were resolved revealing a flexible binding mode overall
consistent with those of compound 3 and compound 4 (fig. S11D). ACBI3 maintains the
triazole-Tyr112 zn-stack as observed with the isoxazole of compound 4, while engaging an
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additional H-bond interaction between the newly incorporated benzylic hydroxy group and
GIn99 in KRASC?V (fig. S11D). Multiple strong protein-protein interactions were apparent
in the crystal structure which differed between protomers, indicating that, as with

compound 3 and compound 4, ACBI3 ternary complexes can dynamically transition between
different H-bond networks between VHL and KRASG?V,

ACBI3 exhibited potent intracellular VHL engagement, ternary complex formation
and ubiquitination translating into potent E3-ligase dependent cellular degradation and
proteome-wide selectivity comparable to compound 4 (fig. S12A-H, table S2). Similarly,
kinetic degradation parameters of ACBI3 (fig. S12I-L, table S2) and KRAS allele
degradation specificity (fig. S13A) were comparable to compound 4. Testing the
antiproliferative activity in a cell line panel revealed that ACBI3 was broadly active on KRAS
mutant vs KRASWT cell lines (geometric mean 1Cso = 478 nM vs 8.3 uM, respectively) (fig.
S13B). Similar to compound 4, ACBI3 exhibited high efflux in the Caco-2 assay (table S3).
Hence, we also tested the activity of ACBI3 in cell lines in the presence of Zosuquidar (fig
S13C). Inhibition of drug efflux resulted in 1 000-fold increased antiproliferative potency of
ACBI3 (Fig. 4E) but not the KRAS inhibitor BI-2493 (fig. S13D) in LS513, a cell line with
high ABCBL1 expression. The overall sensitivity pattern in the cell line panel was comparable
in the presence or absence of Zosuquidar (fig. S13B and C). On a global scale, we observed
an average 5-fold shift in potency attributable to efflux transporter expression in KRAS
mutant cell lines (fig. S13E). This analysis likely underestimates the full antiproliferative
activity of both KRAS inhibition and degradation as several KRAS mutant cell lines display
more prominent KRAS dependency under anchorage independent (3D) conditions (6) not
amenable to the applied high-throughput approach employed here (fig S13F-G). We conclude
that, in addition to compromising oral bioavailability, ABCB1-mediated efflux creates the
need for compensation by higher doses of ACBI3 in ABCBL1 expressing tumors.

To establish in vivo proof of concept, we formulated ACBI3, which lacks oral
bioavailability, in PEG-400 / Transcutol / Kolliphor HS 15 (27) to enable multiple s.c. daily
dosing studies with a delayed absorption profile. S.c. administration of 30 mg/kg ACBI3 in
this formulation resulted in a plasma concentration-time-profile (Fig. 4F) covering the in vivo
DCso of 281 nM——predicted based on degradation potency shift assays (Fig. 4G) and the
degradation potency of ACBI3 in GP2d cells in 10% FCS (DCso = 3.9 nM) (table S2)—for
around 6 hours. Administering ACBI3 to GP2d tumor bearing mice, we observed degradation
of KRASCP (44% of untreated controls) in tumors consistent with exposures covering the
DCso for at least 6 hours in vivo (Fig. 4H and I). While exposures varied 5-fold between the 6
and 24 hours timepoints (Fig. 4H), KRAS®'?D |evels did not recover to a notable extent
consistent with extending the pharmacodynamic efficacy beyond the pharmacokinetic
presence of ACBI3 at concentrations covering the predicted in vivo DCso. In an anti-tumor
efficacy study in GP2d tumor bearing mice, 30 mg/kg ACBI3 dosed daily s.c. for up to 14
days resulted in pronounced tumor regressions (Fig. 4J) with a tumor growth inhibition of
127% and a significant difference of control vs treatment group (p < 0.0001). This
demonstrates that the PROTAC mediated suppression of oncogenic KRAS observed in vitro
translates into in vivo regressions in KRAS mutant tumor bearing mice. Pleasingly, we also
noted no impact on body weight (fig. S13H) suggesting selective degradation of KRAS is
systemically tolerated in mice. Of note, ACBI3 degrades murine KRAS in vitro and in vivo
(Fig 4K and fig S13I and -J). While systemically well tolerated, we observed skin lesions in
mice of s.c. efficacy studies and thus do not recommend further use of this formulation and
route of administration for in vivo experiments. We therefore moved to intraperitoneal (i.p.)
delivery of ACBI3 formulated as a nano-milled suspension which upon repeated dosing
resulted in exposures covering the predicted in vivo DCso for six hours and were tolerated
(Fig. 4F). Attesting to the antitumor activity of ACBI3 beyond a single KRAS mutant, i.p.
administered ACBI3 induced regressions in vivo in the KRASG12V TP53R175H mutant RKN
xenograft model (Fig. 4L). Of note, a daily dose of 180 mg/kg of BI-2493 also induced
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regressions in this model (Fig. 4L). Together these data provide first pre-clinical therapeutic
proof-of-concept for pan-KRAS degradation.

Conclusion

Activating mutations in KRAS are prevalent in patients suffering from solid tumours
with unmet medical need. For example, 35% of lung, 45% of colorectal, and up to 90% of
pancreatic cancers are associated with KRAS mutations (2). This amounts to an incidence of
approximately 150 000 new cases in the United States for these three tumor types (28). An
inherent challenge to targeting KRAS with small molecules is the wide range of mutations
leading to oncogenic activation. This in turn creates a challenge to identify small molecules
that can broadly address the different mutations with potencies and exposures required for
clinical efficacy. Despite intense research investment over decades, so far only allele specific
inhibitors have been approved and the need for potent KRAS selective targeting concepts
with broad mutation coverage remains high.

Here, we establish degradation of a broad spectrum of oncogenic KRAS variants with
a single agent achieving potent and long-lasting suppression of oncogenic signaling in vitro
and in vivo. ACBI3 is a selective, potent and in vivo active pan-KRAS degrader discovered
via a structure-based design approach guided by optimization of VHL:PROTAC:KRAS
ternary complex stability and durability. This optimization allowed us to achieve a degrader
that effectively acts on the majority of KRAS mutants with high prevalence in cancer
patients, and as a result inhibits proliferation in KRAS mutant cell lines covering a wide
range of tumor types. KRAS degradation via ubiquitin ligase recruitment enables a greater
than 10-fold higher potency compared to target inhibition and results in prolonged
suppression of MAPK signaling. ACBI3 is a first example of a single agent capable of
selectively degrading a major share of highly prevalent oncogenic KRAS variants. We also
establish that ACBI3 suppresses oncogenic KRAS protein levels in vivo beyond its
pharmacokinetic presence, ultimately resulting in tumor regression. Identifying approaches to
dose ACBI3 safely in mice qualifies this molecule for use in preclinical in vivo tumor models.
Bifunctional degraders rely on engaging the E3 ligase machinery with a dedicated binding
motif which may be associated with ubiquitin proteasome system related resistance
mechanisms (29) and increased efflux liability (30). However, the demonstrated ability of
ACBIS3 to potently target a wide spectrum of KRAS variants opens up opportunities for
degraders to address susceptibility to resistance associated with on-target KRAS mutations.
ACBI3 illustrates many key features specific to degraders made of reversible target binders,
such as catalytic mode of action independent of occupancy driven pharmacology. This more
broadly suggests fundamental advantages for targeting a spectrum of chemically
heterogenous disease-relevant protein variants by targeted protein degradation. We anticipate
that pan-KRAS degradation will deliver a new path to address a broad sweep of malignancies
with high unmet medical need.
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Fig. 1. Identification of reversible, KRAS selective degraders. (A) Exit vector explored to
derivatise KRAS-binders. Three-dimensional crystal structure of KRAS displayed in brown,
compound 1 in green. PDB Accession code 8QUG. (B) Chemical structures of compound 2
and -3. (C) VCB FP displacement for compounds 2 and -3 in presence or absence of
saturating KRASC2P concentrations (N=3, SD). (D) SPR characterization of ternary complex
for VCB, KRASC™P:GDP and compound 2 (N=3, representative trace). (E) Dose-dependent
degradation of KRAS®'?P in GP5d cells by capillary electrophoresis (24 hours, N=3, SD). (F)
VHL target engagement by NanoBRET in live or permeabilized HEK293 cells for
compounds 2 and -3 (N=3, SD). (G) Degradation time course of total KRAS, KRASWT,
KRASC?C H- and NRAS by 1 uM compound 3 in NCI-H358 cells (N=3, SD) by targeted
proteomics. (H) Ternary complex co-crystal structure of VCB: compound 3:KRASG?V,
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Fig. 2. Targeting of all major oncogenic KRAS alleles and sustained pathway
engagement with rapid degraders. (A) Chemical structures of compound 4 and inactive
degrader controls compound 5 ((S)-hydroxyproline derivative compound 4) and -6 ((S)-
isopropyl). (B) Left: superposition of ternary complex structures of compound 3 (red):VCB
(light blue):KRASC2V (wheat), and compound 4 (white):VCB (teal):KRAS®2V (yellow)
displaying conserved ternary binding orientations (RMSD = 0.72 A). Middle: views from the
compound 4 ternary complex PROTAC binding sites (molecules A and B) displaying side
chains of residues involved in potential strong protein:protein interactions (blue dotted lines).
Right: Fo-Fc omit map contoured to 3 o for compound 4. (C) Concentration dependency of
degradation rates for compound 3 and compound 4 in HiBiT-tagged GP5d cells (N=6,
mean+95% ClI). (D) Dose-dependent degradation of KRAS®'?P and KRASC!?V in GP5d and
SW260 cells, respectively by capillary electrophoresis (24 hours, N=3, SD). (E) Degradation
of retrovirally transduced HiBiT-tagged indicated KRAS mutants by compound 4 in GP5d
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cells (18 hours, N=3) (F) Dose-dependent degradation of KRAS®'%S KRASC?A KRASG3D
and KRAS®M in A549, GEO, HCT116 and HS766T cells, respectively, by capillary
electrophoresis (24 hours, N=3, SD). (G) Degradation of retrovirally transduced HiBiT-
tagged indicated KRAS mutants by compound 3 in GP5d cells (18 hours, N=2) (H) Whole
cell proteomics MS analysis of GP2d cells treated with 50 nM compound 4 or inactive
stereoisomer compound 5 (8 hours, N=3) data for NRAS and compound 4 highlighted in
white.
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Fig. 3. Pan-KRAS degradation impacts MAPK signaling and cancer cell proliferation.
(A) KRAS degradation (6 and 24 hours, N=2, range), (B) DUSP6 modulation (6 hours, N=3,
SD), (C) proliferation (5 days, N=3, SD) for compound 4, compound 5 and MRTX1133 in
KRASG12D and BRAFV600E cell lines, respectively. (D) KRASCYP pERK and DUSP6 recovery
in GP2d cells upon re-treatment or washout and VHL competition following 18 hours pre-
treatment with compound 4 or compound 5 (time after washout, N=3, SD). (E) Proliferation
inhibition data for 300 cancer cell lines by compound 4 (bars represent ICso per cell line), Bl-
2493 (6), sotorasib or trametinib (heatmap) (5 days, N=3) including genetic features of tested
cell lines. (F) Heat map of phosphorylation events upon treatment with compound 4 or
compound 5 in NCI-H358 (KRASG12C 500 nM) and GP2d (KRASC12D, 100 nM) cells (8
hours, N=3). (G) Volcano plots of combined gene set enrichment analyses of phospho-
proteome changes induced by compound 4 (upper panel) or compound 5 (lower panel) in
NCI-H358 and GP2d cells at 8 hours.
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Fig. 4. In vivo efficacy associated with degradation of KRASG120 and KRASC2V, (A)
Pharmacokinetic profile of compound 4 in mice upon i.v. or s.c. dosing, 2-hydroxypropyl-p-
cyclodextrin (HP-B-CD) formulation (N=3, geometric mean and geometric SD). (B)
Degradation of HiBiT-KRAS®2P (24 hours, N=4, SD) by compound 4 in GP5d cells in
presence of 10% fetal calf, mouse or human serum. (C) Chemical structure of ACBI3. (D)
Cryo-EM structure of the KRAS:ACBI3:VCB:Cul2:Rbx1 heptameric complex, major
motions indicated as red arrows (Cul2 breathing, KRAS rocking and Rbx1 twisting),
expected positions of the E2-ligase and ubiquitin added schematically in dotted ellipses. (E)
Proliferation of ACBI3 in LS513 cells in presence and absence of 2.5 uM Zosuquidar (5
days, N=3). (F) Pharmacokinetic profile of ACBI3 in mice upon i.v. (HP- -CD), s.c. or
g.d.x3 i.p. dosing (N=3, geometric mean and geometric SD). (G) Degradation of HiBiT-
KRASC?D (24 hours, N=4, SD) in GP5d cells in presence of 10% fetal calf-, mouse- or
human serum. (H) ACBI3 plasma levels in subcutaneous GP2d tumor bearing mice dosed
with 30 mg/kg ACBI3 q.d.x3 (N=5, geometric mean and geometric SD, Welch’s t-test). (1) In
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vivo degradation of KRAS®?P ypon s.c. g.d.x3 dosing of 30 mg/kg ACBI3. (N=5, mean and
SD). (J) In vivo efficacy of ACBI3 in a GP2d xenograft model (N=10, mean and SD,
Wilcoxon test). (K) In vitro degradation of murine KRAS in B16F10 cells by 1 uM
compound 4, ACBI3 and corresponding inactive stereoisomers compound 5 and -8 by
capillary electrophoresis (24 hours, N=3, mean and SD, One-way ANOVA, Dunnet
correction). (L) In vivo efficacy of ACBI3 in a RKN xenograft model (N=7, mean and SD,
Wilcoxon text day 14 (N=4 control-, N=7 treatment groups).
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