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Activating mutationsin the rat sarcoma (RAS) genes HRAS, NRAS and KRAS collectively
represent the most frequent oncogenic driver in human cancer'. They have previously
been considered undruggable, but advances in the past few years have led to the
clinical development of agents that target KRAS(G12C) and KRAS(G12D) mutants,
yielding promises of therapeutic responses at tolerated doses?. However, clinical
agents that selectively target NRAS(Q61*) mutants (* represents ‘any’), the second-
most-frequent oncogenic driver in melanoma, are still lacking. Here we identify
SHOC2, acomponent of the SHOC2-MRAS-PP1C complex, as adependency of
RAS(Q61*) tumours ina nucleotide-state-dependent and isoform-agnostic manner.
Mechanistically, we found that oncogenic NRAS(Q61R) forms adirect interaction with
SHOC2, evidenced by X-ray co-crystal structure. In vitro high-throughput screening
enabled the discovery of small molecules that bind to SHOC2 and disrupt the
interaction with NRAS(Q61*). Structure-based optimization led to a cellularly active
tool compound that shows inhibition of mitogen-activated protein kinase (MAPK)
signalling and proliferation in RAS-mutant cancer models, most notably in NRAS(Q61*)
settings. These findings provide evidence for aneomorph SHOC2-(canonical)RAS
proteininteraction that is pharmacologically actionable and relevant to cancer
sustenance. Overall, this work provides the concept validation and foundation for
developing new therapies at the core of the RAS signalling pathway.

The canonical RAS protein family consists of three members: HRAS,
NRAS and KRAS. Their activity is regulated by binding to guanosine
diphosphate (GDP) or guanosine triphosphate (GTP), corresponding
tostructural changesin the switchregions and resultingininactive or
active states, respectively. Inthe GTP-bound active state, RAS proteins
form productive interactions with effector proteins, mostimportantly
RAF family members, leading to downstream activation of the MAPK
signalling pathway®. The RAS-RAF-MAPK axis controls cell prolifera-
tion and is constitutively activated by mutations at different levels of
the pathway in most human cancers. Mutations of RAS proteins take
place with relatively high frequency at positions 12,13 and 61, with
isoform-biased and tissue-biased patterns. Although KRAS proteins are
most frequently mutated on G12 (more than 80%), Q61 mutations are
the most common activating event for NRAS (more than 60%), with near
exclusivity in NRAS-mutant melanoma (more than 85%)*. After BRAF
mutations, NRAS mutations are the second-largest subset of melanoma
(20-30% of all cases, corresponding to 50,000 new cases each year in
the United States and Europe alone), but there are no targeted therapies

approved for this patient population, currently representing a large
unmet medical need’. All RAS oncogenic mutations promote a shift
towards a higher prevalence of the RAS active state by disrupting GTP
hydrolysis, but the extent varies, depending on the specific mutation.
These differences can be explained by different biochemical properties
(differencesinintrinsic hydrolysis rates or nucleotide exchange rates)
and conformations that favour effector binding to various degrees and
that overall mayresultin adifferential interactome and/or strength of
downstream signalling®. Targeting specific RAS-mutant addictions or
co-dependencies may represent an alternative to the development of
agents that directly engage mutated RAS, although so far, a paucity
of such targets has emerged, with no related therapeutics. SHOC2is a
leucine-rich repeat (LRR) adaptor protein that is part of the SHOC2-
MRAS-PP1C (SMP) holophosphatase complex, which dephosphoryl-
ates RAF at S259 (ref. 7), a critical event that allows RAS-GTP to signal
through RAF proteins®. Accordingly, SHOC2 has been causally linked to
common RAS-MAPK-driven pathological processes such as cancer and
RASopathies’. The structural characterization of the SMP complex™*
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prompted us to speculate whether the SMP might represent a new
therapeutic target for these conditions. In cancer settings, MRAS
expression seems to be dispensable for the survival of RAS-mutant
cell lines in which SHOC2 is essential, leading to the hypothesis that
MRAS is substituted by oncogenic canonical RAS proteins in the SMP*
(https://depmap.org/portal/). However, thereis currently no structural
evidence for adirectinteraction of SHOC2 with canonical RAS proteins,
or indications that this complex is pharmacologically actionable and
relevant to cancer sustenance.

Screen for RAS-mutant dependencies

We set out to investigate genetic dependencies associated to three of
the most common RAS hotspot mutations, G12C, G12D and Q61R, and
to the specific isoforms KRAS and NRAS, using IL3-deprived Ba/F3, a
well-established cell line, to model RTK/RAS/MAPK oncogenic addiction
in the absence of other confounding background mutations (Fig. 1a).
Sixisogenic Ba/F3 Cas9-expressing celllines were engineered to express
either KRAS or NRAS mutated on G12C, G12D or Q61R (Extended Data
Fig.1a). Mutant- and isoform-selective growth dependency was con-
firmed following treatment with available KRAS(G12C) (adagrasib)- or
KRAS(G12D) (MRTX1133)-selective inhibitors (Fig. 1b). Agenome-wide
lentiviral sgRNA library was then used to interrogate the RAS isogenic
set for growth dependencies (Fig.1c). The NRAS(G12C)-expressingline
was excluded from the screen, given the rarity of this oncogenic event
in human cancer (less than 0.1% of AACR GENIE cases®). Each screen
consistently retrieved a small subset of hits, with pan-lethal genes and
tumour-suppressor genes scoring across all five cell models as growth
suppressorsor growthenhancers, respectively (Extended DataFig. 1b).
Although asmall number of hits was found to be associated with different
G12 mutations (G12D or G12C) or RAS isoform (KRAS or NRAS) (Extended
DataFig.1c), principal component analysis (PCA) indicated aseparation
that was mainly isoform agnostic and driven by the mutation Q61R or
G12C/D (Fig.1d; PClonthexaxis). Notably, among the selective G12C/D
hitswereIGFIR, PTPNI1,SHCI and SOS1, whichencode proteinsinvolvedin
promoting RAS-GTP status (Fig. 1f,g). These findings are consistent with
the biochemical properties of RAS(G12C/D), which, unlike RAS(Q61R),
retainintrinsic GTP hydrolytic activity and rely on upstream RTK input to
maintainaconstant GTP-active state (Fig.1g). Leveraging available phar-
macological agents targeting IGFR (IGF1R), SHP2 (PTPN11) and SOS1, we
validated ahigher overall sensitivity of NRAS/KRAS(G12C/D)-expressing
cell lines to upstream pathway inhibition through these nodes than
for NRAS/KRAS(Q61R)-expressing models (Fig. 1h), indicating deeper
MAPK-signalling suppression (Extended DataFig.1d). Interestingly,in the
case of SOS1inhibitor treatment, only KRAS(G12C) clearly differentiated
from Q61R models, suggesting potential SOS1 compensatory mecha-
nismsin G12D settings. The mostimportant hit retrieved from the screen
inNRAS/KRAS(Q61R)-expressing models was SHOC2 (Fig. 1d-f). SHOC2
isa component of the SMP holophosphatase complex and a positive
regulator of the RAS-MAPK pathway’. As far as we are aware, no selec-
tive pharmacological agents against SHOC2 have yet been described,
so we performed sgRNA-mediated SHOC2 knockout, which resulted
in more-profound lethality in NRAS/KRAS(Q61)-mutant than in NRAS/
KRAS(G12)-mutant Ba/F3 cell lines (Fig. 1i). A further KRAS(Q61H) Ba/
F3line, representing the most-frequent oncogenic mutation oncodon
61 0of KRAS*, exhibited the same level of dependency to SHOC2 as did
Q61R-mutant lines, indicating that these findings are mutant specific
and isoform agnostic. Because cancers that have RASQ6I* mutations
are still largely unaddressed therapeutically, we focused our further
investigations on SHOC2.

SHOC2 dependency in RAS(Q61*) contexts

To verify the relevance of the Ba/F3 screen results for human can-
cer, we analysed the Cancer Dependency Map (DepMap) dataset

(https://depmap.org/portal/) encompassing gene-dependency scores
inmore than1,000 cancer celllines. As for the Ba/F3 screen, we focused
on GTP-GDP cycling HRAS/NRAS/KRAS(G12C/D) versus non-cycling
Q61* mutants and looked for selective dependencies associated with
each ofthese groups. Because KRAS is preferentially mutated oncodon
12, whereas most NRAS mutations occur on codon 61, the top dependen-
ciesreturned for G12C/D-expressing and for Q61*-expressing models
were KRAS and NRAS, respectively. Beyond that, only a few other sig-
nificant hits were retrieved: GRB2and PTPNI1I for the G12C/Dlinesand,
notably, SHOC2 for Q61*lines (Fig. 2a,b). Thus, unbiased analysis also
identified proteins influencing RAS GDP-GTP cycling, suchas GRB2 and
SHP2 (PTPNII) to be important for the survival of RAS(G12C/D) models,
whereas SHOC2 scored significantly in RAS(Q61*) models, confirming
thefindingsinBa/F3 cells. Most SHOC2-sensitive models were of cuta-
neous melanoma (Fig. 2b), a cancer in which NRAS(Q61*) represents
agenetically distinct subset of patients comprising about 25% of all
melanoma cases and for which no targeted therapies have yet been
approved®. To validate the SHOC2 dependency in RAS(Q61*) settings,
we knocked down (KD) SHOC2, using inducible short hairpin RNAs (shR-
NAs)innine different cell lines. As controls, we included anon-targeting
shRNA (shNT) and an shRNA targeting NRAS or KRAS as a benchmark
and to control for pathway dependency. In all NRAS(Q61*) mutants, but
notin BRAF(V600E) mutants, melanoma models of SHOC2 KD blunted
cell proliferation in colony formation assays (Fig. 2c and Extended
Data Fig. 2a) and resulted in MAPK pathway inhibition, as measured
byreduced pERK and pMEK levels (Fig. 2d and Extended Data Fig. 2b),
andreduced DUSPS, SPRY4 and EGRI mRNA expression (Fig. 2e). Simi-
lar results were obtained in non-melanoma NRAS(Q61*)-mutant and
KRAS(Q61*)-mutant cell models, indicating that the effects observed
following SHOC2 KD are not lineage or RAS isoform specific (Fig. 2c,e
and Extended DataFig. 2c). Next, we performed in vivo efficacy studies
with two different NRAS(Q61*) melanoma xenograft models (MUGMEL2
and IPC298) and found that induced reduction of SHOC2 expression
severely impaired tumour growth (Fig. 2f and Extended Data Fig. 2d).
Notably, inbothinvitroandin vivo datasets, the extent of the changes
produced on cell viability and on RAS/MAPK modulation following
SHOC2 KD were similar to those produced by the knockdown of the
driver oncogene, NRAS/KRAS mutants. Tumour transcriptome analysis
from the efficacy studies revealed a strong correlation and compara-
ble extent of modulation of gene expression between SHOC2 KD and
NRAS KD, particularly across RAS/MAPK-regulated genes (Fig. 2g,h
and Extended Data Fig. 2e). Gene-set enrichment analysis identified
biological processes related to RAS/MAPK signalling or reflective of
cell-cycle or cell-death modulation (Extended Data Fig. 2f). Overall,
genetic co-dependencies and target-validation datasets indicate that
SHOC2is crucial for RAS(Q61)-signalling and is a potential therapeutic
opportunity in this space.

Structure of the NRAS(Q61R)-SHOC2 complex

By using biophysical methods, we and others have previously reported
theincorporation of mutantRAS into the SMP complexin place of MRAS
whichis dispensable for cancer cell survival'®> . Because the functional
relevance of such interactions remains unclear, we aimed to interro-
gate this with the identification of pharmacological agents that act as
protein-protein interaction (PPI) breakers. First, we investigated
whether SHOC2 and mutant RAS can form a stable binary interaction
invitro, despite the highly cooperative nature of the ternary SMP assem-
bly'. We did in vitro complex-formation experiments with sedimenta-
tion velocity analytical ultracentrifugation incubating SHOC2 with
either wild-type or Q61R-mutated variants of either NRAS or KRAS
proteins. When wild-type NRAS and KRAS were GDP loaded, the pro-
teins were unable to formalarger complex with SHOC2, whereas con-
stitutively GTP-loaded Q61R-mutated forms produced a species with
high sedimentation coefficients, consistent with a binary SHOC2-RAS

Nature | Vol 642 | 5June 2025 | 233


https://depmap.org/portal/
https://depmap.org/portal/

Article

15
IL-3R
Cell death
IL-3 W oA,
e\
o Wi — @
[ 10}
‘ X |
g‘:/“ég IL-3R IL-3R
P Cell death
’75% 2 Oncogene
e/ inhibition 7
A4 | s — 5
c Oncogene addiction
Ba/F3
Cas9 + RAS™
Genomic DNA
isolation
®e *
e ® Expansion ¥ ., é
° ® 5 "y
0,® 0¥ ol
#j;{* NGS and
#* data analysis
Genome-wide
sgRNA library
d
KRAS(G120)
20 Sos1
>
10 A KRAS(Q61R)
S L
IGFIR \—m, s
g 0°
) A —
g, - KRAS(G12D) \ SHOC2
8 -10 PTPN11® _ o 'S
o a NRAS(G12D) NRAS(Q61R)
Contribution
20 | 16
RAS mutants 12
i (XX XX} :
-30 Selected genes 0.8
. 0.4
0
-30 -20 -10 0 10 20 30
PC1 (30.7%)
g h
O G12 hit SHP2i
(GF1R _ 140 — 120+
@ G61 hit S S
£ 120 5 100
53 I3
8 100 8 80 -|
= - =
S 3w 5
S 60 k]
SHP2 ) —> Q Q i
c 1 c
@ 8 20 8 20
() 2 2
0 0
l 10 100 1,000 10,000
m TNO155 (nM)
@ ® KRAS(G120)
KRAS(G12D)

10

b
5 120 - 120 Aa
B = | . —e
S 80 5 8o
o o
Qi N B Qi e e s
2 40 ! 2 40
96 o 4 KRAS(G120) a 0|~ KRAS(G120)
° KRAS(G12D) S KRAS(G12D)
2 a0 KRAS(Q61R) = 0 KRAS(Q61R)
g -%- NRAS(G12C) g -%- NRAS(G12C)
5 -80 |~ NRAS(G12D) 5 -80 |~ NRAS(G12D)
o -6~ NRAS(Q61R) \ o -e- NRAS(Q61R)
=120 T T =120 ~—rrrr—r )
10 100 1,000 10,000 0.1 1 10 100
Adagrasib ("M) MRTX1133 (nM)
€ ol astnis ’ G12 hits |- 0
£ F-2
-2.57 //%ﬁ
c oo AT
g - \ s
a > L
g)‘ 50" Density no-hits  Density no-hits . @
(0.000, 0.025] (0.000, 0.025] .
& (0.025. 0.050] gg.gzg 8'350% S0s1 L.
(0.050, 0.075] .050, 0.075 o
(0.075,0.100]  (0.075,0.100] [GFIR) -6
754 . (0.100, 0.250] .Eg-;ggv 8-%88% .
. ¥ (0.250, 0.500] -250, 0.
SHOC2). § 0500.0750] ¥ (0500.0750) PrenT).
H (0.750, 1.100] -790, 1. K F-8
. T T T T T T
-8 -4 0 0 25 5.0 7.5
Q1 Q3
f
SHOC2 4 ° . () ()
5087 - (@) [0) ° . °
SHC1 Q [e) o °
PTPN11 (o) (0] (@) ° o
| @ o o ° o
T T T T T
o =) =) T T
o 15} 1} <) <]
2 2 2 2 2
o o o o o
4 4 4 4 z
[R— JR—
o NN . -ssi oo ©0000)
0 -1-2-3-4 0-1-2-3-4 123 4 5
i
SOSti IGFRi 20 4
_ 1204
g
S 80
o
>
é 40 £
60 4 3 o+ g
o 3
o 40 8
s
§ -80
©
& -120 |
100 1,000 10,000 10 100 1,000 10,000 80~
’ . ’ . ® 06 00 0 0 0
BI3406 (M) AEW541 (nM) o 8a & T T
N N o o - - —
KRAS(Q61R)  —e— NRAS(G12D) 50 b5 3888
—¥— NRAS(G12C)  —@— NRAS(Q61R) 2222222
o o o o o o &
Z X Z X Z X X

Fig.1| CRISPRknockout screenin Ba/F3linesidentifies specific RAS-mutant
dependencies. a, Schematic describing the Ba/F3 model of oncogene addiction.

Ba/F3relies onIL-3-JAK-STAT signalling for survival unless engineered to

express oncogenes such as RAS. Mut, mutation. b, Effect on cell viability for the
indicated Ba/F3 isogenic models after treatment for 72 h with the KRAS(G12C)
inhibitor adagrasib or the KRAS(G12D) inhibitor MRTX1133. DMSO, dimethyl

sulfoxide. c, Genetic screen diagram: Ba/F3 stably engineered to co-express
Cas9and different NRAS and KRAS mutants were transduced with a mouse

genome-wide sgRNA library, antibiotic selected, expanded and subjected to

genomic DNAisolation and next-generation sequencing (NGS) analysis to

identify sensitizer and rescuer genes. d, PCA bi-plot representing PC1 (x axis)
and PC2 (yaxis) from the 250 most variable genesin the screen. Coloured dots
represent PCA scores for each condition. Arrows represent loadings for genes

driving the PCA distribution, coloured according to the contribution to the

eigenvectors.Selected genes are highlighted with ablack dot. e, Scatter plot
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representing hits from differential representation analysis between screensin
Qé6llinesand G12lines. The xaxis represents scoring and the y axis represents

statistics (see the ‘CRISPR screen analysis’ section in the Methods). Non-
significant genes (absolute Q <2 and RSA > -2) arerepresented as a density plot
toavoid overplotting. f, Dot-plot representing screening results of selected
hits. Colours represent Q scoring and dot sizes represent statistical significance

(RSA).g, Schematicillustrating the RAS signalling cellular context for the

indicated RAS G12 and Q61 hits. h, Effect on cell viability for the indicated Ba/F3
isogenic models following 72 htreatment with inhibitors for SHP2,SOS1and
IGFR. The dotted linesindicate 50% of growthinhibition. i, Effect on cell viability
oftheindicated Ba/F3isogenic models following transduction with sgRNAs
against SHOC2,sgSHOC2 or non-targeting sgNT. Datainb, handiare mean +s.d.
of n=3biologicallyindependent samples. Imagesina,cand g created using

BioRender (Galli, G.,2025): a, https://BioRender.com/c48wé611; ¢, https://

BioRender.com/m41c915; g, https://BioRender.

.com/q07k743.
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Fig.2|SHOC2genetic validationincancer models. a, Scatter plot showing
the mean difference (xaxis) and significance (y axis; P-values are Benjamini-
Hochberg corrected for multiple testing based on atwo-sided Mann-Whitney
U-test) of DepMap scoresin cell lines with RAS mutations (Q61on the left,
G12ontheright).b, Box-plot (median, first and third quartiles are shown with
whiskers extending to the 95th percentile) of DepMap score for the indicated
genesincelllines with the indicated RAS mutations. P-values obtained by
two-sided Wilcoxon t-test (Q61, n = 60; G12, n = 82). ¢, Quantification of colony
assays for the indicated cell models with doxycycline (dox)-inducible shRNAs
treated with dox (+dox) or DMSO (-dox) (mean + s.d., n =3 independent
experiments). Significance was determined using a two-tailed t-test (*P<0.05,
**P<0.005,***P<0.001).d, Lysates from IPC298 lines with the indicated
dox-inducible shRNAs treated with dox (+) or DMSO (-) were immunoblotted
with theindicated antibodies. Arepresentative image of three independent

complex accompanied by depletion of both monomeric populations
(Fig. 3a and Extended Data Fig. 3a). We confirmed the binary inter-
action of SHOC2 with either NRAS(Q61R) and KRAS(Q61R) proteins

experimentsis shown. e, Effect of ssISHOC2, shNRAS or shControlon the
expression oftheindicated genesinthe UACC275,1PC298 and HEPG2 cell
lines. f, Left, MUGMEL2 xenograft growth with or without dox induction of
theindicated shRNAs (mean * s.e.m., n = 6 mice per group). Significance was
determined using a one-way ANOVA with Tukey’s multiple-comparison test
(***P=0.0003, ****P < 0.0001). Right, change in tumour volume after 14 days
oftreatmentis presented as a waterfall plot of individual tumours (n=6

mice per group). Significance was determined by two-tailed unpaired t-test
(***P<0.0001). g, Pearson correlation of global gene expression log,FCs.

h, Change in mRNA expression of the indicated RAS/MAPK-induced genes and
control housekeeping gene (RPS14) between KD conditionsin the tumours
from Extended DataFig.2d. shSC2,shSHOC2; shNT, non-targeting ShRNA;
P-values were calculated using the DESeq2 Wald testand are FDR corrected).

using surface plasmon resonance (SPR) as an orthogonal method and
calculated their affinities with K; values of 11 pM and 12 pM, respectively
(Extended Data Table 1). RAS proteins had to be in the active state to
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Fig.3|Biochemical-physical and structural evidence of SHOC2 in complex
withoncogenic canonical RAS proteins. a, Sedimentation velocity profiles
expressed as ¢/sdistribution plots. Monomeric sedimentation coefficients (S)
were observed for SHOC2 (blue) and NRAS (grey), while NRAS(Q61R)-GTP
mixed with SHOC2 (orange) displayed larger S values consistent with abinary
complex. Arepresentative example of threeindependent experiments is
shown.b, Surfaceandribbonrepresentation of the binary interaction of
SHOC?2 (light violet) and NRAS(Q61R) (grey) (Protein Data Bank: 9BTM).

make measurable interactions, either loaded with GTP (which was
only feasible for mutants with strongly impaired intrinsic hydrolysis)
or loaded with non-hydrolysable GTP analogues (GMP-PNP), allow-
ing for cross-comparison of all RAS mutants. Interestingly, under the
same assay conditions (GMP-PNP loading), KRAS(G12C), KRAS(G12D)
and NRAS(GI12D) proteins showed weaker binding to SHOC2, similar
to that of the NRAS or KRAS wild-type proteins, whereas KRAS(Q61L)
behaved similarly to RAS(Q61R) mutants (a K, of approximately 8 uM).
This affinity ranking is consistent with the cancer dependency data
presented above and offers further mechanistic insights into the pref-
erential requirement for SHOC2 in RAS(Q61)-mutant cell models, in
addition to the foundational observation that suchmutantsin cellsare
inapersistent GTP-bound state, which is afundamental requirement
for SHOC2 recruitment to the RAS-PP1 complex™. The observation
thatlow K values are obtained in GTP versus the GMP-PNP state for the
Q61R mutants further highlights theimportance of the active state for
the binary interaction and hints at a potentially tighter binding of the
Gl12 mutantsina cellular context. Togain adeeper understanding of the
SHOC2-NRAS(Q61R) interaction, we determined an X-ray co-structure
at 2.53 A resolution (Fig. 3b and Extended Data Table 2). NRAS(Q61R)
interacts with the concave surface of the SHOC2 solenoid in a region
previously identified in SMP complexes. Similar to the MRAS-SHOC2
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SHOG2 C terminus
SHOC2 residues

R177

RAS-bound magnesiumisshown as agreensphereadjacentto the stick
representation of GTP.c, Theinteraction between SHOC2 and MRAS(Q71R)
(orange; SMP complex structure with PP1Ca hidden) or NRAS(Q61R) (grey) is
shownaligned through the SHOC2 solenoid (light violet; model shown from
the SHOC2-NRAS binary structure), highlighting the difference in orientation
between thebinary and ternary complex models when aligned with the SHOC2
solenoid as the key object. d, Detailed representation of key interactions
between NRAS(Q61R) SWI (pink)/SWII (green) and SHOC2 (light violet).

interaction, NRAS(Q61R) leverages residues in the switch 1 (SWI) and
switch 2 (SWII) regions to engage SHOC2 residues within LRR1-9. Four
salt bridges, sixintermolecular hydrogen bonds and key areas of hydro-
phobic interactions around NRAS M67 and 134 stabilize the protein-
protein interaction. The overall conformation of NRAS(Q61R) aligns
with that of MRAS within SMP, including the active SWI-SWII pose. How-
ever, we now find that the RAS molecule pivots around the SWI-SHOC2
contact area, resulting in the backbone of SWll residing closer to the
SHOC2interfacethanintheternary SMP complex (Fig.3c). We observed
several hydrogen bonds originatingin SWIor SWIl that are enabled by
theincreased proximity of SWIland parts of SWIto SHOC2 (Fig.3d). The
NRAS SWImakes multiple hydrogen bonds and salt bridges with four
arginineresidues of LRR 3-8 of SHOC2 (Argl77,223,288 and 292). Fur-
thermore, the oncogenic mutation NRASRé61formsadirect hydrogen
bond with SHOC2 T264, unlike the corresponding R71of MRAS, which
coordinates water molecules to interact with the N265 and S287 of
SHOC2. Anisoform-dependent differenceinanadjacent residue (NRAS
Y64 or MRAS F74) may also contribute, through the tyrosine-enabled
hydrogenbondto SHOC2N265. The adjacent NRAS E63 also mediates
ahydrogen bond with SHOC2T242 and enforces the R61 conformation
by means of anintramolecular salt bridge. Overall, key interaction resi-
dues and surfaces for the NRAS(Q61R)-SHOC2 binary PPI are largely


https://www.wwpdb.org/pdb?id=pdb_00009btm

Table 1| Structures and properties of SHOC2 inhibitors

Compound ID Chemical structure TR-FRETIC5, (uM)  SPRK; (UM)onSHOC2 Solubility (mM)/MDCK-LE (P,,,,AtoB)
1 6.19+2.22 (n=12) 7894213 (n=3) 0.2/n.d.
2 2.90+0.13 (n=2) 3.48 (n=1) n.d.
3 13.5(n=1) n.d. n.d.
Peptide 4 0.057+0.01(n=4) 0.30+0.19 (n=9) n.d.
(S)-5 1.82+0.11(n=3) 10.49+2.75 (n=3) 0.3/n.d.
(R)-5 0.55+0.12 (n=6) 0.73+0.19 (n=4) 0.2/n.d.
6 0.048+0.01(n=7) 0.065+0.03 (n=4) >0.7/0.3
|
0 °NH OH
H ®)
o= °
o
7 8.40+0.72 (n=2) n.d. >0.7/0.9
07 "NH OH
e
o= e
o)

Chemical structures of compounds 1-7, with SHOC2-NRAS(Q61R) TR-FRET competition assay and SPR data on SHOC2 (with protein construct from amino acids 80-582). Solubility was
measured at pH 6.8. Cell permeability was determined in a low-efflux MDCK assay (P,,,AtoB < 1.0 x 10°cm s™). Measurements were taken from distinct samples. n.d., not determined.
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conserved when compared with the MRAS-containing ternary complex.
Thus, we reasoned that identification of chemical matter binding to
the RAS-interacting region of SHOC2 should allow for the disruption
ofany SHOC2-RAS interaction, preventing holophosphatase complex
formation. Taken together, multiple lines of evidence demonstrate
astable binary interaction, mutation and nucleotide state depend-
ent, between SHOC2 and the oncogenic NRAS Q61R. These findings
prompted us toinvestigate whether targeting thisinterface caninter-
fere with SHOC2-RAS function.

Pharmacological targeting of SHOC2

Ligandability assessment shows that the surface of SHOC2 is mostly flat
and the RAS PPl site oniits concave side is the sole hydrophobic patch
(Extended DataFig. 3b and Methods). The patch, however, hasalimited
buried surface, several charged residues and flexible side chains, yield-
ing an overall moderate ligandability prediction based onthe CAVIAR
descriptors”. To enable high-throughput screening approaches, we
established arobust and sensitive time-resolved fluorescence energy
transfer (TR-FRET)-based competitive binding assay between SHOC2
and GTP-loaded NRAS(Q61R) (details in Methods) and tested around
320,000 small molecules from the Novartis screening deck. The screen
yielded 3,353 primary hits (hit rate at 1.05% obtained with a cut-off at
25% competitive effect for hit calling), 881 of which could be confirmed
by dose-response curves with half-maximal inhibitory concentration
(ICs,) values ranging from 0.2 uM to 100 pM. The hits were further
assessed for direct SHOC2 binding by SPR. From this validation, we
identified compound 1 (a diastereomeric mixture at carboxylic acid)
as an NRAS(Q61R) competitive binder with single-digit micromolar
affinity to SHOC2 (Table I; TR-FRET ICy, = 6.19 uM; SPR K, = 7.89 pM).
Protein-observed 2D NMR experiments provided further orthogonal
validation, with chemical shift perturbations at SHOC2 M173 and M219
(Extended Data Fig. 3¢,d). Separation of the diastereomeric mixture
of 1resulted in single isomers 2 and 3, which showed differentiation
inthe TR-FRET assay (Table 1). To guide our compound optimization,
we did another unbiased screen of macrocyclic peptides to map the
ligandable pockets on SHOC2 (details in Methods). We identified and
validated peptide 4 as asub-micromolar SHOC2 binder and disruptor of
the SHOC2-NRAS(Q61R) interaction (Table1). With this higher-affinity
binderin hand, we obtained an X-ray co-crystal structure with SHOC2 at
1.72 Aresolution (Fig. 4a and Extended Data Table 2). In agreement with
theligandability analysis, peptide 4 occupies the only putative ligand-
able cavity identified on SHOC2 (Fig. 4a and Extended Data Fig. 3e).
The peptide makes several hydrophobicinteractions butalso specific
polarinteractions, suchassalt bridges (with R177,R200 and R223) and
hydrogen bonds (with D175, E155 and Q269; Extended Data Fig. 3e).
The peptideis in the vicinity of M173 and M219, which showed chemi-
cal shift perturbations in 2D NMR by compound 1, so we inferred that
compound1and peptide 4 occupy the same binding patch. Informed
by the carboxylic acid interactions of peptide 4 with the side chains
of R223 and Q269 (Extended Data Fig. 3f), we explored the structure-
activity relationship of compounds 1-3 with a deconstruction of the
biaryl moiety while keeping the carboxylicacid moiety, leading to the
enantiomers (§)-5 and (R)-5. With the sub-micromolar SHOC2 binder
(R)-5in hand, we could determine the first, to our knowledge, X-ray
co-crystal structure of SHOC2 complexed with a small molecule. The
structure confirmed experimentally the overlapping binding sites of
peptide 4, (R)-5 and NRAS(Q61R) in the preferred ligandable pocket
(Fig.4a, Extended DataFig. 3 and Methods). The carboxylic acid moiety
of compound (R)-5 interacts with R223 and Q269, and the benzo[d]
oxazol-2(3H)-one moiety is caged thoroughly in the protein surface,
satisfying several hydrogen bonds (Fig.4b). Because compound (R)-5
carriesasuboptimal non-productive linker and shows chemical insta-
bility, we next aimed to redesign the central part of the molecule. This
led to compound 6, which has amore ligand-efficient simplified linker
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and 10-fold higher potencyinthe SPRand TR-FRET assays (Fig. 4cand
Table1). To validate the binding specificity of compound 6, guided by
the X-ray co-crystal structure of (R)-5, we designed a SHOC2 mutant
thatis resistantto compound 6. We introduced a Gly-to-Ala mutation at
position290in the putative binding site, reasoning that the side chain
of A290 should clash with compound 6 but not interfere with either
SHOC2 folding or the RAS interaction (Extended Data Fig. 4a). Direct
measurements using differential scanning fluorimetry assay (DSF)
confirmed the protein folding of the SHOC2 G290A mutant (Extended
DataFig.4b). Theinteraction with NRAS(Q61R) was confirmed by SPR
(Extended DataFig. 4c). Conversely, the single amino acid change was
sufficient to fully abolish compound 6 activity in a TR-FRET-based
SHOC2(G290A)-NRAS(Q61R) binding assay. The interaction could still
bedisrupted by untagged wild-type SHOC2, confirming the sensitivity
oftheassay (Extended DataFig.4d). Asanother tool to control for com-
pound 6-specificactivity, we synthetized its enantiomer, compound 7,
which showed impaired activity on the SHOC2(WT)-NRAS(Q61R) PPI
despite having similar physicochemical properties (Table 1). In sum-
mary, parallel hit-finding campaigns on peptides and small molecules
followed by structure-based optimization enabled the identification
of compound 6 as a potent SHOC2-RAS PPl disruptor suitable for cel-
lular characterization.

In cells, compound 6 was first tested in a PPl NanoBiT-based assay,
in which it induced selective displacement of the SHOC2(WT)-
NRAS(Q61mut) interaction, consistent with in vitro TR-FRET data
(Fig.4d). Anoticeable shiftin compound 6 activity was observed when
transitioning from in vitro to cell-based studies. This difference can
be reasonably attributed to the suboptimal ability of the compound
to permeate cells, as measured in the MDCK-LE permeability assay
(Table1). Importantly, no activity was measured with either compound
6 in the SHOC2(G290A)-NRAS(Q61mut) NanoBiT assay or with com-
pound 7inthe SHOC2(WT)-NRAS(Q61mut) NanoBiT assay (Extended
DataFig.4e,f). Next, wetested compound 6 intherapeutically relevant
NRAS(Q61mut) melanoma cells, finding thatitinduced dose-dependent
inhibition of RAS oncogenic signalling through a decrease in MEK
and ERK phosphorylation (Fig. 4€). Notably, this effect was sustained
over time and was specific to RAS(mut) settings, because BRAF(mut)
melanoma cells treated under the same conditions did not show any
pERK or pMEK inhibition (Fig. 4f). RAS-GTP loading was found to be
unaffected by compound 6 treatment in either cell model (Extended
Data Fig. 5a,b). Interestingly, increased levels of inhibited CRAF
(phospho-5259), reflective of diminished SMP activity, were observed
following SHOC2-NRAS PPl disruption with compound 6, which was
consistent with pERK inhibition (Fig. 4g). To gain a broader overview
of compound 6 activity, we performed global transcriptome analysis
of NRAS(Q61R) cells treated with compounds 6 and 7 (Extended Data
Fig. 4g). SHOC2 inhibition by compound 6 led to a dose-dependent
and time-dependent modulation of RAS/MAPK-associated genes, such
as DUSP4, DUSPS, EGRI, SPRY4 and FOSLI (Fig. 4i), and identification
of gene signatures commonly associated with the use of RAS/MAPK
inhibitors, indicating changes in this pathway, as well as in processes
relating to the cell cycle, epithelial-mesenchymal transition (EMT),
inflammation and metabolism (Extended Data Fig. 4h). Under the same
treatment conditions, compound 7 produced no significant changesin
thetranscriptome of NRAS(Q61R) cells, indicating compound 6-specific
activity (Fig. 4i and Extended Data Fig. 4g,h). Next, we investigated
the effects of SHOC2 pharmacological inhibition in 3D proliferation
assays. Twice-a-week treatment with compound 6 suppressed the cell
proliferation of RAS(Q61L), but not of BRAF(V600E), melanoma cell
lines (Fig. 4h). Finally, we used compound 6 to investigate pharmaco-
logically SHOC2 dependency in different RAS mutant and wild-type
conditions. As a control, compound 7 was used and found to be inert
in all cell models tested (Extended Data Fig. 5¢). Conversely, acute
SHOC2 inhibition with compound 6 downregulated MAPK signalling
in all RAS mutant settings, including Q61L, G12D and G12C mutant
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Fig.4|Pharmacological disruption of SHOC2-RAS PPI. a, Representation
of SHOC2bound to peptide 4 (light violet surface; PDB: 9BTN), compound
(R)-5 (yellow spheres; PDB: 90VJ) and NRAS(Q61R) (grey; PDB: 9BTM). Key
regions of overlap highlight the RAS binding site on the concave face as
uniquely ligandable on the SHOC2 surface. b, Top, compound (R)-5interacts
withR223 and Q269 viaits carboxylic acid. Middle, benzo[d]oxazol-2(3H)-
one mediates three hydrogenbonds. Bottom, aliphatic regions in multiple
side chains form ashallow hydrophobic patch bound by the chloro-diphenyl
moiety of (R)-5. Coloursasina.c, Top, TR-FRET data for the interaction
between NRAS(Q61R) and SHOC2in the presence of varying concentrations
of compounds1(grey) or 6 (blue). Datarepresent two technical replicates.
Bottom, table summarizing the slope andIC,, values (morerepeats are shownin
Table1).d, NanoBiT results showing the compound 6 cellular displacement of
SHOC2-NRAS(Q61mut) PPl versus acontrol pair (mean +s.d., n =3 biologically

independentsamples). e, Lysates from MELJUSO cells treated for 24 hwith
increasing doses of compound 6 andimmunoblotted with the indicated
antibodies. f, Lysates from MELJUSO (left) and A375 (right) cells treated with
compound 6 (30 pM) and collected at different time points were immunoblotted
withtheindicated antibodies. g, Densitometry quantification of pCRAF/CRAF
and pERK/ERK Ievels from the MELJUSO immunoblotinf. Theimagesine-g
arerepresentative of twoindependent experiments. h, Differencesin 3D cell
growth between MELJUSO (top) and A375 (bottom) BRAF cells treated twicea
week with DMSO or compound 6 over time (mean = s.d.fromn = 6 biologically
independentreplicates). Graphs are representative of two independent
experiments. i, Changesin mRNA expression of RAS/MAPK-induced genes
and control genes (RPS14, NRAS and SHOC2) in MELJUSO cells treated with
compound 6 or 7 versus DMSO at the indicated conditions (P-values were
computed usingthe edgeR QLF testand FDR corrected). FC, fold change.
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conditions (Extended Data Fig. 5c). Furthermore, the introduction of
inducible SHOC2 knockdown using shRNAs produced similar results to
the treatment with compound 6 in these specific cell models (Extended
DataFig.5d). Interestingly, SHOC2 inhibition caused only minor effects
onMAPK signalling in EGFR**” cells used as surrogates for conditions
with wild-type RASinahighly active state, and had no detectable effect
in wild-type RTK/RAS or BRAF(V600E) mutant cell lines (Extended
Data Fig. 5c). Next, we investigated the effect of compound 6 on the
proliferation of cell models suitable for 3D growth. Prolonged inhi-
bition of SHOC2 resulted in anti-proliferative effects across all RAS
mutant models but noneinany of the wild-type RAS settings, including
a condition of RAS-induced active state (in EGFR**" cells). Notably,
in the RAS mutant set, the highest SHOC2 dependency was observed
in Q61-mutant conditions, with G12D and G12C next (Extended Data
Fig. 5e). These findings are consistent with previous results in Ba/F3
isogenic models (Fig. 1i). Altogether, we observed that SHOC2 regulates
MAPK signalling in conditions of high RAS activity (GTP binding). The
extent of cell-proliferation dependency is determined by the degree
of intrinsically sustained level of this active state (with Q61* having a
greaterimpact than G12D/C), because this is the primary factor deter-
mining SHOC2 interaction with RAS.

Taken together, our data provide to our knowledge the first pre-
clinical demonstration, from genetic evidence to tool-compound
discovery, that targeting the SHOC2-RAS interaction represents an
actionable therapeutic modality in RAS-mutant cancers, orthogonal
to RAS-focused approaches.

Discussion

The RAS-targeting agents currently in the clinic have resistance mecha-
nisms that hinder long-lasting anti-tumour responses’®*, The early
adaptive mechanisms described until now involve increased RAS
proteinlevels and activation®®?, underlining the need for orthogonal
approachesto RAS-centric therapiestodrive deeper and longer-lasting
anti-tumour responses. Previous studies have shown that oncogenic
RAS mutations are not all equal in terms of biochemical properties
and strength of signalling, implying that RAS dependencies are better
studied at a mutant-specific level. To this end, RAS-mutant isogenic
cell panels have been used for characterization purposes*2*. Here
we performed the first, to our knowledge, unbiased genome-wide
gene-inactivation screen in a RAS-mutant isogenic set that led to the
identification of mutant-specific dependencies for G12C/D and Q61R
mutated codons. Some of the dependencies identified for G12 mutants,
namely SOS1, SHP2 and IGFR1, are pharmacologically actionable, so we
could demonstrate with the respective inhibitors a RAS(G12*) prefer-
ential killing over RAS(Q61*). Interestingly, such results find confir-
mationand further support the rationale for therapeutic approaches
using agents targeting SOS1, SHP2 and RTKs in KRAS(G12C)-mutant
cancers. Conversely, NRAS(Q61*), which represents the predominant
RAS oncogenic alteration in melanoma, thyroid cancer and haema-
tological malignancies, remains an indication space that has been
less-successfully explored by targeted therapies. RAF inhibitors have
shown preferential activity in RAS(Q61*) settings, both preclinically
and in the clinic®?, yet they have fallen short of producing long-term
benefits in NRAS(Q61*) melanoma patients, as single agents and in
combination with MEK inhibitors, probably because they have anarrow
therapeutic index that limits efficacious dosing? %, These outcomes
were foreshadowed by preclinical studies using GEM models, for which
depletion of genesin canonical RAS/MAPK resulted in early lethality®.
The emerging pan-RAS inhibitor under clinical evaluation showed
promising tumour responses but also safety flags characteristic of
MAPK inhibitors and therefore might eventually have the same limita-
tion. Furthermore, most advanced pan-RAF agents, suchas belvarafenib
and LXH254, showed non-uniforminhibition across the three RAF iso-
forms (CRAF > BRAF > ARAF), which can also contribute to the lack of
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sustained responses and the emergence of resistance in the clinic?*°.

SHOC2, as part of the SMP complex, acts as a pan-RAF activator with
dephosphorylating activity towards all three RAF isoforms’, and its
depletion in adult mice is well tolerated®. Interestingly, SHOC2, but
none of theindividual RAF isoforms, scored well in RAS(Q61*) settings
inour Ba/F3screen, highlighting how SHOC2 represents aninteresting
bottleneck, capturing the isoformredundancy present at RAS and RAF
levels. Follow-up analysis of cancer cell-lines dependencies and direct
invitro and in vivo genetic validation confirmed SHOC2 dependency
inRAS(Q61%)-driven tumours with effects ona par with RAS targeting,
providing the proof of concept for anew RAS-orthogonal therapeutic
opportunity. Previous studies have provided structural insights for the
SMP complex, opening attractive drug-discovery opportunities®2>,
However, unlike SHOC2, MRAS expression is dispensable for cancer
sustenance in RAS(Q61*) models, indicating that SMP might not be
theright complexto targetin this context. Unfortunately, no structure
of SKP (with KRAS), SHP (with HRAS) or SNP (with NRAS) has been
determined so far. Targeting the SK/H/NP complex at one of the binary
interfaces should generally prevent cooperative ternary-complex for-
mation, but studies have inconsistently reported the stability of the
binary complex permutations. Furthermore, PP1C forms numerous
interactions outside the SMP through protein regions overlapping with
the SHOC2 and MRAS binding sites®*, so targeting the PPIC-SHOC2
or PP1IC-MRAS interface from the PP1C side will probably result in
off-target effects. This leaves the SHOC2-RAS interface as an attractive
option, and our results provide evidence for an underreported stable
SHOC2-RAS(Q61*) binary interaction measured by several orthogo-
nal assays and detailed by a high-resolution X-ray co-structure. Cru-
cially, we confirmed that, despite small structural rearrangements, the
surface of SHOC2 that engages RAS remains essentially unchanged.
Taken together, these findings support a strategy of pursuing SHOC2
binders at the RAS interface site, leveraging the stable SHOC2-RAS
interaction as akey tool for efficient identification of preferred molecu-
lar binders to SHOC2. Thus, the biological results showed potential
for targeting SHOC2 in NRAS(Q61*) contexts and the solved struc-
tures offer the mechanistic validation and means for drug discovery.
Despite growinginterestin this target, nosmall molecules that bind to
SHOC2 have yet been reported. Even more broadly, although several
LRR-containing proteins have relevant roles in disease, no direct-LRR
low-molecular-weight binders have been successfully developed,
highlighting the unprecedented nature of these targets. Despite the
challenging landscape of SHOC2’s protein surface, we were able to
identify and validate a small-molecule SHOC2 binder that could be
further optimized towards higher ligand efficiency. Optimization was
guided by structural knowledge from X-ray co-crystal structures of the
cyclicpeptide 4 and small molecule (R)-5, which led to the more-potent
small molecule 6 with consistent biochemical, biophysical and cellular
activity providing an attractive rational and structure-based entry to
drug discovery. The current ligand-efficient and soluble chemotype
offers a clear path for acompound-optimization strategy focusing
on the improvement of cellular and pharmacokinetic properties to
enable future in vivo studies. Overall, our SHOC2 tool molecule and
itsin-depth characterization opens a path to new therapeutic pos-
sibilities in the disease field of altered RAS/MAPK signalling. In prin-
ciple, SHOC2-targeting agents should display activity in conditions
in which RAS proteins (including MRAS) are persistently GTP loaded
and used, for instance to treat RASopathies. In preclinical cancer
studies, SHOC2 depletion synergizes with agents causing, as a sec-
ondary effect, RAS-GTP induction, such as MEK*"* or KRAS(G12C)
inhibitors'*. In the clinic, positive selection of RAS(Q61*) mutations
(including on MRAS) have emerged as a putative resistance mechanism
in patients treated with KRAS(G12C) inhibitors™", Finally, increased
SMP activity has been also causally linked to YAP-mediated adaptive
resistance to KRAS(G12C) inhibition¥. Collectively, these reports high-
light the potential for SHOC2-targeted therapies beyond NRAS(Q61*)



melanoma, in RASopathies or in other cancers as acombination part-
ner. Future thorough integrated efficacy and safety studies will be
essential to establish whether these avenues might lead to therapeutic
benefits.
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Methods

Celllines and reagents

The mouse Ba/F3 parental cell line was obtained from the Dana-Farber
CancerInstitutein 2003. Cells were maintained in RPMI1940 GlutaMAX
medium (ThermoFisher, 61870-036) supplemented with10% (v/v) fetal
bovine serum (FBS) (Corning, 35-015-CV), 2 mM sodium pyruvate (Bio-
Concept Amimed, 5-60F00-H), 10 mM HEPES (BioConcept, 5-31F00-H)
and 5 ng ml™ recombinant murine IL-3 (Life Technologies, PMC0035).
Derived Ba/F3 KRAS and NRAS mutants have been cultured in IL-3 with-
drawal. MelJuso, IPC298 and SKMEL30 cell lines were obtained from
the DMSZ. VMM39, HT-1080, Hep G2, NCI-H358, Miapaca2, SW1990,
A375,NCI-H1437,Panc04.03 and Calu-6 were obtained from ATCC. The
MM4385 cell line was obtained from The CellBank Australia. UACC-257
was obtained from the US National Cancer Institute. The KP4 cell line
was obtained from the RIKEN cell bank. The PC9 cell line was obtained
fromK. Nishio at the Department of Genome Biology, Kinki University
School of Medicine. The 293FT was obtained from Invitrogen. The Mel
JusoIPC298, SK-MEL-30, MM485, VMM39, Calu-6, UACC-257, NCI-H358,
SW1990, PC9, NCI-H1437 and Panc04.03 cell lines were maintained in
Roswell Park Memorial Institute (RPMI)-1640 medium supplemented
with 10% (v/v) fetal bovine serum (FBS) (Corning, 35-015-CV). The
HT-1080, Miapaca2, A375, KP4 and 293FT cell lines were maintained
inDulbecco’s Modified Eagle Medium (DMEM) supplemented with10%
(v/v) FBS (Corning, 35-015-CV). The HepG2 was maintained in Eagle’s
Minimum Essential Medium (EMEM) supplemented with10% (v/v) FBS
(Corning,35-015-CV). All cell lines were cultured according to the stand-
ardinstructions provided by the suppliers (DSMZ, CellBank Australia,
ATCC, Invitrogen, RIKEN and NCI).

Generation of stable lines

Stable lines expressing SHOC2, NRAS non-targeting ShRNAs were gener-
ated by lentiviral infection. The lentivirus production was performed
firstusing HEK293FT cells. Cells were seeded in T175 cell-culture flasks
and transfected with12 pg pvVPR-Gag-Pol, 4.8 pg pMD2-VSV-Gand 1 pg
of alentiviral vector expressing shRNA using Mirus TransIT (Mirus,
MIR2700). The virus-containing supernatant was collected and filtered
using 0.45-pmsyringe filters 48 hlater and was subsequently used for
transduction of cancerous cell lines. Then, 24 h after infection, cells
were selected with puromycin (Sigma, P9620).

Lentiviral shRNA constructs

The shRNA Dox-inducible constructs were generated by cloning
shRNA into a pLKO-tetON-puro backbone (Addgene, 21915) using
Agel or EcoRl restriction sites. The target sequences for the different
shRNAs are shRNA SHOC2-169012 (GCTTGAGTCACCATGAGTAGT),
SshRNA SHOC2-169009 (CTGACTCTCTTGATAACTTGA), shRNA NRAS
(CCATGAGAGACCAATACATGA) and shRNA non-targeting (GGATAATG
GTGATTGAGATGG).

Immunoblotting

Cellswererinsed withice-cold PBS, pelleted and snap frozen at -80 °C.
Whole-cell lysates were prepared with lysis buffer (1% Triton X-100,
50 mM Tris-HCI, pH7.4,150 mM NaCl,1 mM EDTA) supplemented with a
PhosSTOP phosphatase inhibitor cocktail tablet (Sigma, 4906845001)
and cOmplete, EDTA-free protease inhibitor cocktail tablet (Sigma,
4693159001).

Celllysates were cleared by centrifugation at 13,000 rpm at 4 °C for
20 min, and protein concentration was determined using the BCA pro-
tein assay kit (Thermo Scientific, 23225). Samples were normalized for
protein content, denatured by the addition of Laemmlibuffer (Bio-Rad,
1610747) and boiling for 5 min, and then loaded on Criterion TGX 4-15%
Precast gel (Bio-Rad, 5671085). Proteins were transferred to Trans-Blot
Turbo MidiNitrocellulose Transfer Packs membrane (Bio-Rad, 1704159)
using the Trans-Blot Turbo system (Bio-Rad, 1704150). Allmembranes

were blocked with 5% milk (Sigma, 70166) and thenincubated overnight
with primary antibodies. Immunoblots were imaged using the FUSION
FX7 imaging system (VILBER), and densitometry analysis was done
using its integrated quantification software.

Antibody list

All antibodies were commercially sourced and used according to
manufacturer instructions. NRAS antibody was purchased from
Calbiochem (ref. OP25). RAS antibody was purchased from Abcam
(Ab108602).SHOC2 (53600), Phospho-c-Raf Ser259 (9421), GFP (2956),
phospho-p44/42 MAPK (Erk1/2), Thr202/Tyr204 (4370), p44/42 MAPK
(Erk1/2) (9102), phospho-MEK1/2 Ser217/221 (9154), phospho-Akt
Thr308 (9275), phospho-Akt Ser473 (9271), phospho-S6 ribosomal
protein Ser235/236 (2211), phospho-Sé6 ribosomal protein Ser240/244
(Ref. 2215), phospho-IGF-1receptor 3 Tyr1131 (3021), IGF-I receptor 3
(9750), Cas9 HRP conjugate (97982), HRP-linked mouse IgG (7076) and
HRP-linked rabbit IgG (7074) antibodies were purchased from Cell Sign-
aling Technology. The FLAG HRP conjugate (A8592), vinculin (V9131)
and a-tubulin (T6199) antibodies were purchased from Sigma-Aldrich.

Active RAS pull-down assay

Levels of active GTP-loaded RAS were determined using a RAS activa-
tionassay biochemkit (Cytoskeleton, BKO08). MelJuso and A347 cells
were treated with 30 pM of compound 6 or an equivalent volume of
DMSO for 2 h and 4 h. Cells were lysed following the manufacturer’s
instructions. Pull-down was performed with 400 pg of lysate mixed
with 30 pl of Raf-RBD beads and incubated on arotator for1h at 4 °C.
Bound proteins were eluted with 2x Laemmli buffer and boiled for
5 min at 95 °Cbefore western blots.

Ba/F3 cell-line generation

Murine Ba/F3 cells were primarily transduced with a lentiviral Cas9
constructexpression pNGx_CMV_FLAG-Cas9. Cas9-positive cells were
assessed by fluorescence-activated cell sorting (FACS) and immu-
noblotting. Ba/F3-Cas9 cells were subsequently stably transfected
with pcDNA3.1(+) EGFP-T2A-FLAG -KRAS G12C, G12D, Q61R, Q61H
or NRAS G12C, G12D and Q61R. All Ba/F3 transfections were done by
electroporation. For each transfection, 2 million cells were collected,
pelleted and washed in PBS without Mg?* or Ca**. Washed cells were
thenresuspended in 100 pl of buffer R per sample and distributed
to each DNA dilution containing 10 pg of related plasmid. Following
the manufacturer’s instructions, electroporation was done using a
NEON station set-up 0of 1635 V,20 ms, 1 pulse for each sample. Cells were
thenlefttorecover overnightin six-well plates filled with pre-warmed
media. Then, 48 hafter electroporation, the medium was replaced with
selection medium containing 600 pg ml™ neomycin for Ba/F3-Cas9
and 600 pg ml™ neomycin and 20 pg mi™ blasticidin for all KRAS- or
NRAS-expressing mutants. During generation, cells were kept in the
presence of 5 ng ml™ recombinant IL-3. Validation of the KRAS- or
NRAS-expressing lines was done following IL-3 withdrawal, to ensure
the dependency of the cells on oncogene expression.

CRISPR KO experiments

Inthe genome-wideisogenic screen, each of the previously engineered
murine Ba/F3 cells expressing Cas9 and asingle mutationin either KRAS
(G12C, G12D, Q61R or Q61H) or NRAS (G12C, G12D or Q61R), as well as
the control line Ba/F3 wt-Cas9, were expanded in the relevant medium
and infected with either pool 1 or pool 2 of the murine genome-wide
sgRNA library (Cellecta mCRISPR v.1 pooll and pool2)®. Then, 24 h
after infection, selection with 1 pg ml™ puromycin occurred. Ba/F3
cells expressing Cas9 and Ba/F3 transduced with the KRAS or NRAS
mutants were passaged in medium supplemented (or depleted) with
recombinant murine IL-3. Next, 14 days after infection, the surviving
cells were subjected to sample collection (duplicates) and genomic
DNA preparation for deep sequencing. Raw sequencing reads were



aligned using Bowtie® with no mismatches allowed and counts were
generated. Differential sgRNA representation was calculated using the
DESeq2 package*’. For gene-based hit calling, the sgRNAs were ranked
by the robust z-score, and the statistical significance was calculated for
eachgeneenriched towards higher rank (RSA up) and lower rank (RSA
down) using the Redundant siRNA Activity (RSA) algorithm*.

Ba/F3 cell-viability assay after SHOC2 KO

The previously engineered murine Ba/F3 cell line expressing Cas9 and
asingle mutationin either KRAS (G12C, G12D, Q61R or Q61H) or NRAS
(G12C, G12D or Q61R) were infected with either non-targeting/control
sgRNA (5’ CRISPR RNA sequence: GCGAGGTATTCGGCTCCGCG) or
SHOC2sgRNA (5’ CRISPRRNA sequence: CAGGCCAAGGCGATTTAAAC).
After one day of antibiotic selection, cells were seeded in 96-well plates
ingrowth medium. The viability of the cells was assessed two days after
seeding by CellTiter-Glo Luminescent Cell Viability Assay (Promega,
G7572), according to the manufacturer’s instructions.

DepMap data

To evaluate screening hitsin DepMap, Ceres scores fromrelease 22Q2
were downloaded from the DepMap portal (https://depmap.org/por-
tal/) and meanscores for each gene were calculated between cell lines
bearing aberrations in G12 versus Q61 residues of HRAS, KRAS and
NRAS. Statistics were calculated using t-tests corrected for multiple
testing using the Benjamini-Hochberg method.

Colony formation assay

Cells were seeded in six-well plates and allowed to attach overnightin
growth medium. They were then treated with 100 ng mI™ doxycycline
hydrochloride (Fisher Bioreagent, BP26535) for 10-15 d. During the
assay, the cellmedium wasrenewed every three days with doxycycline.
Subsequently, the cells were fixed with20% glutaraldehyde for 10 min,
washed with water and stained with crystal violet for 30 min. The cells
were then washed with water, dried and scanned. Crystal violet was
then dissolvedin10%acetic acidic for 15 min. The solution was diluted
1:4 in acetic acidic and transferred to a 96-well plate in triplicate for
quantification. The absorbance was read at a wavelength of 590 nm
with a plate reader (BertholdTech Mithras).

Incucyte cell proliferation

Cellswere seeded (insextuplicate) in ultralow attachment microplates
from Corning (384-well plate, transparent round bottom, 3830) in
growth medium containing 10% FCS, then centrifuged for 3 min at
200gand allowed to form spheroids or aggregates for 24 h. Cellswere
then treated with 30 pM of compound 6 or DMSO and transferred in
anIncucyte SX5 live-cell analysis system (Satorius, Essen Bioscience),
placedinside a conventional tissue-culture incubator at 37 °C with 5%
CO,.The aggregates or spheroids wereimaged every six hours for three
weeks at a magnification of x10. During the whole assay, the growth
medium containing DMSO or compounds was renewed twice per week.
Images were analysed using the Incucyte Spheroid Analysis Software
Module (Sartorius, Essen Bioscience, 9600-0019) in which virtual masks
were created to delineate the spheroids. The area of each spheroid
for each time point was generated. The radius and the volume of the
spheroids were calculated from the spheroid area (radius = v(area/m);
volume =4/3 x i x radius®). The volume data were normalized to the
initial volume of each spheroid.

Quantitative PCR

Total RNA was extracted from cells using the Qiagen Rneasy kit (Qiagen,
74104) according to the manufacturer’s instructions. Quantitative
PCR (qPCR) analysis was performed using Quantitec PCR Master-
Mix multiplex (Qiagen, 204643) on a QuantStudio 6 Real-Time PCR
System (Applied Biosystems). Each qPCR reaction was performed in
triplicate, using 10 ng RNA per reaction. The results were analysed

using the 2 - AACt method and standardized with Actin B. All specific
qPCRprimerswere purchased from Invitrogen (TagMan assay): SHOC2
(Hs00201309_m1), NRAS (Hs00180035 _ml), SPRY4 (Hs00229610_
ml), EGFR1 (Hs00152928 m1), DUSP5 (Hs00244839_ml) and DUSP6
(Hs01044001_m1).

RNA-seq

Total RNA from cell lines or tumours was extracted using the Qiagen
RNeasy Minikit. Sequencing was done using the NovaSeq 6000 platform
(2 x101base pair reads). For the IPC-298 cell line, Illumina NovaSeq con-
trol softwarev.1.6.0, RTAv.3.4.4, BCL2FASTQV.2.20.0.422 and FASTQC
v.0.11.7 were used. For the MelJuso cell line, lllumina NovaSeq control
software v.1.8.1, RTA v.3.4.4, BCL2FASTQ v.2.20.0.422 and FASTQC
v.0.11.9 were used. Transcript alignment and quantification were per-
formed using PISCES v.2018.04.112 and referenced to the hg38 human
genome. Differential expression analysis was performed using DESeq2
(ref.40).Inthe IPC-298 cellline, for each of the four shRNAs (two shRNA
targeting SHOC2, one shRNA targeting NRAS and one non-targeting
shRNA), doxycycline treatment was contrasted with no doxycycline.
Pre-ranked gene-set enrichment analysis was performed for each con-
trast using the R package fgsea with signed P-values (sign(log,(FC)) x
-log,o(P-value)) as ranks. Tested gene sets were obtained from the
Molecular Signatures Database (MSigDB). The following pathways
were tested for enrichment: MEK_UP.V1_UP, KRAS_SIGNALING_DN,
EGFR_UP.V1_UP,KEGG_CELL_CYCLE,HALLMARK _APOPTOSISand HALL-
MARK_G2M, and FDR corrected P-values were calculated. Differential
expressionanalysis forcompoundtreatments 6and7at4 handat24 h
at concentrations of 30 uM and 100 pM in the Mel Juso cell line was
performed usingthe R package edgeR. Eachcompound x time x concen-
trationgroup was contrasted with a matched control. Gene-set enrich-
mentwas calculated as described above on all Hallmark pathways, and
FDR correction to P-values was calculated. Figures and fgsea analysis
were created with Rv.4.1.0 using the R packages fgseav.1.18.0, ggplot2
v.3.3.6, cowplot v.1.1.1and ggpubr v.0.4.0.

Mouse studies

Xenograft studies were performed at Novartis and strictly adhered
to Novartis BioMedical Research Animal Care and Use Committee
protocols and regulations. Studies were approved by the Cantonal
Veterinary Office of Basel Stadt, Switzerland, and are in strict adher-
ence to the Swiss Federal Animal Welfare Act and Ordinance. Mice
were kept under optimal hygiene conditionsinindividually ventilated
cages under12 h:12 hdark:light conditions and controlled temperature
(20-24 °C) and humidity (45-65%) with access to sterilized food and
water ad libitum. Subcutaneous tumours were induced by injecting
cellsin HBSS containing 50% BD matrigel in the flank of female athymic
Crl:NU(NCr)-Foxn1™-homozygous nude mice (Charles River; MugMel2_
shNT, MugMel2_shNRAS, MugMel2_shSHOC2, 6 x 10°) or female and
male C.B-Igh-1°/IcrTac-Prkdc*“® mice (Taconic; IPC298_shNT, IPC298_
shNRAS, IPC298_shSHOC2 (169009) and IPC298_shSHOC2 (169012);
10 x10°). Toinduce shRNAKD, animals received either daily doxycycline
treatments (Sigma Aldrich; 25 mg kg™, once a day, orally) or were fed
adlibitumwith doxycycline-spiked food (Sigma Aldrich; 625 mg per kg
diet). For efficacy studies, doxycycline treatment was started when the
average tumour size reached approximately 200-300 mm?®. Tumour
size was measured twice weekly by calipers, and body weights were
recorded twice weekly. Tumour size was calculated using the formula
(length x width?) x /6 mm?, Data are presented as mean * s.e.m. Ani-
malswereKkilled at the relevant time point, after 2-3 weeks of treatment.
Tumour samples for biomarker analyses were collected, snap frozen
inliquid nitrogen and stored frozen at -80 °C until further processing.

RAS protein production
DNA sequence coding for the G domains of different RAS variants
(amino acids 1-169) were inserted in a plasmid that allowed protein
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expression in Escherichia coli under control of the T7 promoter. For
biotinylated proteins, BirA ligase was coexpressed with the gene of
interest in the presence of 1 mM biotin. Expression was induced by
0.5 mMIPTG and performed at 18 °C overnight. Bacterial pellets were
resuspended in lysis buffer (20 mM Tris pH 8.0, 500 mM NaCl, 5 mM
imidazole, 2 mM TCEP, 10% glycerol, Complete protease inhibitor
(Roche) and 40 U mI™ Turbonuclease (Sigma)). Cells were lysed with
high-pressure homogenizer (Avestin Emulsiflex C3) and the lysate was
clarified by ultracentrifugationat 40,000g for 40 minat 4 °C. Clarified
lysate was loaded on Ni-Sepharose HP (Cytiva). Beads were washed and
the protein was eluted with a 5-200 mM imidazole gradient in IMAC
buffer (20 mM Tris pH 8.0, 500 mM NaCl,2 mM TCEP and 10% glycerol).
The fusion-tag of the eluted protein was cleaved overnight at 4 °C by
either His-tagged HRV 3C or TEV protease. Cleaved protein was reloaded
ontothe Ni-NTAresin (reverse-IMAC step) and flow-through containing
the target protein was collected. The protein was concentrated with a
10 kDaMWCO ultrafiltration system (Millipore) and loaded on aHiLoad
16/600 Superdex 75 pg size-exclusion column pre-equilibrated with
SECbuffer 20 mMHEPES pH7.5,150 mM NaCl, 5 mM MgCl,and 2 mM
TCEP). Fractions containing the protein of interested were pooled,
concentrated with a 10 kDa molecular-weight cut-off ultrafiltration
systemand snap frozen. Nucleotide exchange was performed by incu-
batingthe RAS proteins during1 hatroom temperature with a24-fold
molar excess of nucleotide (either GMPPNP (Jena Bioscience) or GDP
(Sigma)) in the presence of 25 mM EDTA. The mixture buffer was then
exchanged using a PD-10 column (Cytiva) against nucleotide loading
buffer (40 mM Tris pH 8.0,200 mM (NH,),SO, and 0.1 mM ZnCl,). A
fresh 24-fold molar excess of nucleotide was again added. Then, 10 U
of shrimp alkaline phosphatase (New England Biolabs) was added to
samples containing GMP=PNP. After incubation for 1 h at 4 °C, MgCl,
was added to a concentration of 30 mM.

SHOC2-FL and SHOC2 amino acids 80-582 protein production
DNA sequences coding for different SHOC2 variants (for avi-tagged,
alsoSHOC2 amino acids 93-582; for His-tagged, SHOC2 FL and G290A)
were inserted in a plasmid that enabled generation of recombinant
baculovirusaccordingto the Bac-to-Bac system from Invitrogen. After
virus addition to SF21 insect cells, expression was performed during
96 hat 27 °C. For biotinylated proteins, BirA ligase was coexpressed
with the gene of interest in the presence of 1 mM biotin. The cell pel-
let was resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NacCl,
20 mMimidazole,10%glycerol, 0.2% Triton X-100, Complete protease
inhibitor (Roche) and 40 U mI™ TurboNuclease (Sigma)). Cells were
lysed by sonication and the lysate was clarified by ultracentrifuga-
tion at 40,000g for 40 min at 4 °C. Clarified extract was loaded on
aHisTrap HP 5 ml column (Cytiva). The column was washed and the
protein was eluted with a20-300 mM imidazole gradient in IMAC
buffer (50 mM Tris pH 8.0, 300 mM NaCl and 10% glycerol). Eluted
protein was dialysed against dialysis buffer (50 mM Tris pH 8.0,300 mM
NaCl, 0.1 mM TCEP and 10% glycerol) and cleaved overnight at 4 °C
by His-tagged HRV 3C protease. Cleaved protein was reloaded on a
HisTrap column (reverse-IMAC step) and the flow-through containing
thetarget protein was collected. The protein was concentrated witha
30 kDaMWCO ultrafiltration system (Millipore) and loaded on a Super-
dex 200 pg size-exclusion column (Cytiva) pre-equilibrated with SEC
buffer (50 mM Tris pH 8.0,150 mM NaCl,1 mM TCEP and 10% glycerol).
Fractions containing the protein of interest were pooled, concentrated
using an ultrafiltration system and snap frozen. For assays requiring
the poly-histidine tag, protein samples were prepared omitting the
HRV 3C cleavage and reverse-IMAC steps.

Protein crystallography

Thesitting-drop vapour-diffusion method was used for crystallization
of allSHOC2 complexes. SHOC2-NRAS Q61R co-complex crystals were
obtained by mixing NRAS Q61R (1-168) and SHOC2 (80-582) inal:1.2

molar ratio at a 15 mg ml™ final concentration. The protein mixture
solution was mixed 1:1 with 0.2 pl of well solution (0.1 M Hepes pH 7
and 15% PEG 4000) and incubated at room temperature. Crystals were
cryoprotected using the crystallization solution with the addition
of 20% glycerol followed by flash-freezing directly into liquid nitro-
gen. The SHOC2 peptide crystals were obtained by first incubating
SHOC2 80-582 and peptide in a1:1.5 ratio at a final concentration of
14 mg mI" SHOC2. Next, 50 mM stock of peptide in DMSO was mixed
with the protein solution in storage buffer resulting in 0.65% DMSO
in the protein-ligand solution. This solution was mixed, incubated
briefly and then mixed 1:1 with well solution (0.05 M Hepes pH7.5,35%
v/v pentaerythritol propoxylate 5/4 PO/OH (PP 5/4 PO/OH) and 0.2 M
KCI) andincubated at 4 °C. Crystals were cryoprotected by adding 2 pl
of well solution supplemented with 20% glycerol and 325 pM peptide
in 0.65% DMSO directly onto the existing drop. Crystals were then
collected and flash frozen in liquid nitrogen.

Micro-seeding and soaking

To produce the maximum quantity of high-quality crystals for
micro-seeding, we manually refined the original condition for pro-
duction of SHOC2-peptide crystals. A gradient of pH/buffering agent
versus PP 5/4 PO/OH concentration (15-40% v/v PP 5/4 PO/OH; pHrange
of5.5-9 with 50 mM Bis-Tris pH 5.5, 50 mM Bis-Tris pH 6.0, 50 mM HEPES
pH 6.5,50 mM Tris-HCI pH 7.0, 50 mM HEPES pH7.5,50 mM Tris pH 8.0,
50 mMHEPES pH 8.5and 50 mM Bicine pH 9.0) ina 24-well plate was set
withidentical protein and ligand conditions ina2 pl drop. One condi-
tion (50 mM Tris pH 7.0,200 mM KCl and 40% PP 5/4 PO/OH) resulted
inmany large crystals. To produce micro-seeds for apo SHOC2 (amino
acids 80-582), we first confirmed that crystals with the new condition
diffracted in the same space group by collecting two crystals without
further cryoprotection and collecting data in an identical way to the
original structure. Wells containing many of these crystals were col-
lected for micro-seeding by adding 10 pl of well solution onto the 2 pl
drop. After gentle mixing with a pipette, the solution was aspirated
into a microtube containing a seed bead (Hampton research, HR2-
320). Next, 40 pl of well solution was used to further dilute the solu-
tion in the same tube. Following the manufacturer’s instructions, the
tube was vortexed for 3 min to break up the crystals. Then, 450 pl of
well solution was added to further dilute the microseeds. Serial dilu-
tions of this stock (1:10, 1:100 and 1:1,000) were produced using well
solution and each dilution was used as the well solution and mixed 1:1
with a stock of SHOC2 80-582 (14 mg ml™) in a 24-well plate. Multiple
dilutions of seed stock yielded usable crystals, and the 1:1,000 was
selected for collection without further cryoprotection. Data collection
and molecular replacement using an identical workflow revealed an
apo SHOC2 structure with one copy of SHOC2 in the asymmetric unit
similar to the SHOC2-peptide structure (data not shown). Because
the crystal contactsin the P212121 space group allowed more room for
ligand binding at the SHOC2 binding site, we soaked solutions of (R)-5
into these SHOC2 apo crystals to obtain a suitable dataset.

NMR (protein observed)

All spectra were acquired at a temperature of 310 K using a 600-MHz
Bruker Avance NEO equipped witha QCl cryo-probe. SOFAST-HMQC*
spectra of *C methyl methionine-labelled SHOC2 (80-582) were
acquiredin50 mMsodium phosphate pH 7.0 and 10% D,0 with11.1 pM
DSS at a protein concentration of 35 uM. Data were processed using
NMRPipe*:

2 2
CSPy, =, (IHHZ) +(13Csz .

Thedissociation constant for binding of compound1to SHOC2(80-
582) was estimated by nonlinear least-squares fitting of the observed
differences in chemical shift (A6, Hz) between the ligand-free form



(64ee) and the ligand-bound form (8,,,) at multiple ligand concentra-
tions. The following relationship was used:

Aé‘obs = 6obs - 6free'

(Py+ 1Ly + Kp) = [ (Py+ Ly + Kp)> = 4Pyl

ABgps= Abmax 2P;

where Ab,,,, is a fitted parameter that corresponds to e — Opoung aNd
Opouna 1S the estimated shift (Hz) of the fully bound state, P is the total
protein concentration and L; is the total the ligand concentration.

Assignment >C methionine methyl NMR spectra

Resonance assignments for M173 and M219 were made by mutagenesis.
M173 was mutated to Ala and M219 was mutated to Ala. Isotope label-
ling of SHOC2 was achieved by adding 1 g I"' L-methionine (methyl-*C)
(Cambridge Isotope Laboratories, CLM-206-1) to ESF921 Delta Series
methionine-deficient medium (Expression Systems, 96-200). SF21 cells
were grown to adensity of 8 x 10° cells per mlin ESF921 (Expression Sys-
tems, 96-001-01). These cells were then diluted to a density of 0.8 x 10°
cells per ml by adding sterile ESF921Delta Series methionine-deficient
medium supplemented with1g I L-methionine (methyl-*C) and grown
for 3-4 d until a density of 8 x 10° cells per ml was reached. Cells were
again diluted to a density of 0.8 x 10° cells per ml using ESF921Delta
Series methionine-deficient medium. On the day before infection,
cells were diluted to a density of 1.0 x 10° cells per ml into a final vol-
ume of 6 | of ESF921Delta Series methionine-deficient medium sup-
plemented with1g 1" L-methionine (methyl->C) (split between two 5-1
shaker flasks) and allowed to grow to a density of 1.7 x 10 to 1.8 x 10°
cells per ml (18-24 h). Cells were then infected with 10 ml P2 virus per
litre of culture; protein expression then proceeded for 3 dat 27 °C. Each
sample was purified as described for unlabelled SHOC2(80-582). For
NMR experiments, the protein was gel filtrated into 50 mM sodium
phosphate pH7.0,100 mM NaCl,1mM TCEP and10%D,0 and used ata
final protein concentration of 35 pM. A SOFAST-HMQC for each mutant
was then compared with the spectrum of wild-type SHOC2(80-582)
to determine the assignment of each methionine.

Sedimentation velocity analytical ultracentrifugation

The sedimentation-velocity experiments were done as described previ-
ously™. Inbrief, samples were dialysed into analytical ultracentrifuga-
tion buffer 20 mM Bis-Tris pH 6.5,500 mM NacCl, 0.5 mM MgCl,,1 mM
TCEP and 5 pM GMP-PNP), loaded into dual-sector centrifuge cells with
1.2-cmcentre pieces and sapphire windows, and these were thenloaded
intoan AN-50 Tirotor and allowed to equilibrate to 20 °C for 2 hbefore
the start of high-speed sedimentation at 42,000 rpm. Data collected
at 280 nmwere examined with c(s) analysis41 (SEDFIT v.5.01b). Results
in the form of a c(s) plot were visualized using Gussi**.

SPR to assess affinity of low-molecular-weight ligands

C-terminally avi-tagged and biotinylated Shoc2 (80-582) and full-length
Shoc2 wereimmobilized on aStreptavidin-coated sensorchip (Cytiva,
BR-1005-31). Forimmobilization, 1 pg ml™ Shoc2-aviwas injected with
aflowrate of 10 pl min™for 10 minat 22 °C chip temperaturein 50 mM
HEPES pH7.5,150 mM NaCl,1 mM TCEP and 0.1% Tween20. Sensor-chip
equilibration was carried out withimmobilization buffer until astable
baseline level was achieved. Afterimmobilization, injections of 50 M
biotin solution (50 pl min™ for 60 s) was done to reduce unspecific
binding. The running buffer was 50 mM HEPES pH 7.5,150 mM NacCl,
1 mM TCEP, 0.1% Tween20 and 2% DMSO. Experiments were done at
22 °Cusinga flow rate of 50 pl min™ (contact time 60 s and dissociation
time 90 s). Compounds were assessed at 12 concentrations of a1:2.5
serial dilution series of the compounds. The stock compound dose
response was prepared by diluting compounds in 100% DMSO. From

the DMSO stock dilution series, dilution was done in running buffer
without DMSO (1:50) to the final concentration and injected. DMSO
solvent correction was used to correct for bulk effect. A serial dilution
of anin-house identified low-molecular-weight binder was included
in each run to confirm sensitivity between experiments. Also, a fixed
concentration of this binder was injected between test compounds to
assess the stability of the signal throughout the run. All SPR analyses
wererunonaBiacore 8kinstrument. Datawere processed using Biacore
insight evaluation software v.4.0.8.20368. The raw data were double
referenced, that is, the response of the measuring flow cell was cor-
rected for the response of the reference flow cell, and in asecond step
theresponse of ablankinjection was subtracted. Outlier sensorgrams
wereremoved if necessary. The sensorgrams were fitted by applying a
1:1binding model to calculate kinetic rate constants and equilibrium
dissociation constants when possible. Rmax was set at global, whereas
Rlwas set as constant (or fitted globally if needed). Data were processed
individually for each run. The generated values were used to calculate
average values and standard deviations of the binding constants.

SPR to assess SHOC2-RAS protein-protein interactions

Ligand affinities were determined by SPR using a Biacore 8k device
(GE Healthcare). C-terminally avi-tagged and biotinylated RAS con-
structs wereimmobilized on aStreptavidin-coated sensorchip (Cytiva,
BR-1005-31). For the immobilization, 0.04 ng mI™ RAS-avi were injected
with a flow rate of 10 pl min™ for 10 min at a 22 °C chip temperature in
50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM MgCl,, 10 pM nucleotide
(GMP-PNP, GDP or GTP, depending on the loading state of the RAS
proteins assessed),1 mM TCEP and 0.1% Tween20. Sensor-chip equili-
brationwas carried out withimmobilization buffer until a stable base-
line level was achieved. After immobilization, one injection of 50 uM
biotinsolution (50 pl min™, 60 s) was carried out to reduce unspecific
binding. The running buffer was the same as theimmobilization buffer.
Experiments were carried out at 22 °C using a flow rate of 25 pl min™
(contact time 60 s, dissociation time 250 s). Untagged recombinant
Shoc2(80-582) or full-length Shoc2 was testedinal:2.5 serial dilution
series with a maximum concentration of 25 uM prepared in running
buffer. AIISPR analyses were runonaBiacore 8k instrument. Data were
processed using Biacore insight evaluation software v.4.0.8.20368. The
raw data were double referenced, that s, the response of the measur-
ing flow cell was corrected for the response of the reference flow cell,
andinasecondstep, theresponse of ablankinjection was subtracted.
Outlier sensorgrams were removed if necessary. The sensorgrams
were fitted by applying a 1:1 binding model to calculate kinetic rate
constants and equilibrium dissociation constants when possible. Rmax
was setat global, whereas Rl was set as constant. Data were processed
individually for each run. The generated values were used to calculate
average values and standard deviations of the respective binding con-
stants. Inthesamerun, only oneloading state (GDP, GMP-PNP or GTP)
was assessed and the respective nucleotide was supplemented in the
immobilization/running buffer.

TR-FRET assay SHOC2-NRAS Q61R

Protein-compound interactions interfering with Shoc2 binding
to NRAS Q61R:GTP were detected and quantified using a sensitive
TR-FRET-based competitive-binding assay with a europium-labelled
anti-His antibody (Eu-aHisAb, Lance Eu W1024 anti-6x His, PerkinElmer)
and aCy5-streptavidin conjugate (Cy5-SA; GE Healthcare/Amersham,
PA45001). Separate pre-incubations of N-terminally His-tagged recom-
binant human full-length SHOC2 (amino acids 1-582) with Eu-aHisAb,
and C-terminally avi-tagged biotinylated recombinant human NRAS
Q61R:GTP (amino acids1-169) with Cy5-SA were carried out for 30 min.
The test compounds were dissolved in 100% DMSO and added to the
solution containing the full-length SHOC2/Eu-aHisAb by means of a
TTP LabTech Mosquito or a LabCyte ECHOSS55 pipettor. After 60 min
ofincubation, the NRASQ61R:GTP/Cy5-SA solution was added using a
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Fritz Gyger AG CERTUS pipettor. After another incubation of 60 min,
the assay plates were measured using a PHERAStar FSX (BMG Labtech,
Germany) microtitre plate reader equipped with dual-wavelength
detection (europium excitation at 337 nm, europium emission at
620 nm and CyS5 emission at 665 nm). The final assay concentrations
were:10 nM His-SHOC2 full length, 50 nM NRASQ61R:GTP-avi, 0.25 nM
Eu-aHisAb and 12.5 nM Cy5-SA. The final compound concentration for
high-throughput screeningat a single concentration was 31.25 pM and
up to 300 puM during compound concentration, resulting in a final
concentration of 0.9% DMSO for the high-throughput screen and 3%
for compound characterization, respectively. The preincubation and
the following measurements were conducted inassay buffer compris-
ing 50 MM HEPES, 50 mM NaCl,1 mM MgCl,, 50 uM GTP, 0.5 mM TCEP,
0.005% (w/v) Tween-20 and 0.005% (w/v) BSA, adjusted to pH 7.0. All
solutions were handled at room temperature (22 °C).

The ECy, value was calculated from the plot of the percentage of pro-
teinsaturation versus the test-compound concentration by alogistics
fitaccording to:

y=A2+(A1-A2)/(1+ (x/ECsy)"),

whereyisthe percentage saturationvalue at the test compound concen-
tration, x. Alis the lowest saturation value (0%) and A2 is the maximum
saturation value (100%). The exponent, p, is the Hill coefficient.

TR-FRET assay to assess PPl disruption

To confirm the specificity of the disruption between SHOC2 and RAS,
TR-FRET using aresistant mutant, SHOC2(G290A), was set up. The pro-
tocol followed the same process as described above, using His-tagged
full-length SHOC2(G290A) and NRAS(Q61R):GTP. The assay buffer was
identical to the one used in the SHOC2-NRAS(Q61R) TR-FRET assay.
Final concentrations were 5 nM SHOC2(G290A), 20 nM NRAS(Q61R),
0.25 nM Eu-aHisab, 5 nM Cy5-SA and 3% DMSO. Because the TR-FRET
for the SHOC2 mutant used protein concentrations below the K, deter-
mined by SPR (Fig. 4c), the assay remained sensitive for the assessment
of displacement despite the potentially higher affinity of the mutant
SHOC2 protein than RAS. This was also demonstrated by displacement
by untagged wild-type SHOC2, resulting in a similar IC, in both the
TR-FRETs with wild-type SHOC2 and SHOC2(G290A) (Fig. 4d).

Melting-temperature evaluation

SHOC2wasdilutedinafinal volume of 10 pl of 1 uM final concentration
inreactionbuffer containing 50 mMHEPES pH7.5,1 mM TCEP, 150 mM
NaCland10x Sypro Orange (Invitrogen, stock 5000x). Triplicate wells
were assessed for each protein. After a30-minincubation, DSF measure-
ments were carried out using an Opus qPCR thermal cycler (BioRad),
witharamping of 0.5 °C min™. Evaluation of the melting temperatures
was done using BioRad analysis software.

mRNA display selection

Two independent mRNA display selections were performed using an
internal mRNA library encoding for 10-mer to 14-mer thioether cyclized
peptides**. The coding region of the peptide library was designed
as follows. The 5’ initiator AUG codon, encoding for the N-terminal
chloroacetylated amino acid, was followed by 8-12 fully randomized
positions comprising of trimer oligonucleotide mixtures. The trimer
oligonucleotide poolincluded one distinct codon for every amino acid
except for Met and Cys. The degenerate region was followed by aTGT
encoding for the C-terminal Cys, enabling cyclization. At the 3’ end,
there was asequence encoding for the fixed spacer peptide sequence
(GSGGSG) followed by an amber stop codon (TAG). The in vitro trans-
lation system was reprogrammed through Flexizyme-mediated
genetic-code reprogramming, as previously described***. In brief,
N-chloroacetyl L-Phe was used in place of the initiator methionine.
Applying this reprogrammed translation system to the mRNA template

afforded a10-to-14-amino acid thioether-linked macrocyclic peptide
library with each peptide containing a C-terminal Gly-Ser linker. Start-
ing with an initial round containing less than 10" unique cyclic pep-
tides, SHOC2-specific binders were enriched using the leucine-rich
repeat domain of SHOC2(93-582) with a biotinylated C-terminal
Avi-tag immobilized onto streptavidin-conjugated magnetic beads.
Nonspecific binders were removed using the streptavidin-conjugated
magneticbeads only, and the binding stringency wasincreased in latter
rounds through longer incubation times and/or wash steps. Two par-
allel selections cycles were performed with either low (150 mM NaCl)
or high (300 mM NacCl) salt concentrations. In this way, the samples
were subjected to buffer exchange by small desalting columns after
invitro translation and reverse transcription. All selection rounds were
submitted for NGS to obtain the enriched peptide sequences. Follow-
ing analysis, about ten different sequences were picked for chemical
synthesis, but peptide 4 was found only in the panning with the higher
salt concentration (300 mM NaCl) and showed arather low enrichment
of about 2% of all sequences, withamaximum in round 6 before apply-
ing the harsher washing procedure.

Generation of stable NRAS(Q61K)-SHOC2 NanoBiT cells

The HEK 293T cells used to generate the SHOC2-NRAS(Q61K)mut
NanoBiT were obtained from ATCC or DMSZ and are part of the
Novartis Cancer Cell Line Encyclopedia (CCLE), validated as previously
described*s. Cells were cultivated in DMEM growth medium (Gibco,
DMEM high-glucose 4.5 g 1™, 1-26F01-1) supplemented with 1% stable
L-glutamine (BioConcept, 5-10K50-H), 1% sodium pyruvate (BioCon-
cept, 5-60F00-H) and 10% heat-inactivated FCS (Corning, 35-015-CF).
The cellswere stably transfected and monoclonal populations of cells
were isolated by performing a standard limiting dilution procedure
for the following SmBiT/LgBiT combinations: SHOC2-SmBIT full
length/LgBiT-NRAS(Q61K)mut fulllength, SmBiT fused to LgBiT with
a128-amino acid linker in between as a control, to assess off target of
the tested compounds. LgBiT-NRAS(Q61K) expression levels were
determined by western blot using an anti-LgBiT antibody (Promega,
N7100).SHOC2-SmBiT levels were determined by western blot using
ananti-SHOC2 antibody (Cell Signaling Technology, 53600).

Compound dilution

Compound stock solution was prepared in DMSO/H,0 (90:10) by the
compound hub at Novartis Pharma AG. Compounds were tested with
aseven-point or eight-point serial dilution 1:3 with a starting concen-
tration of 30 puM.

SHOC2-NRAS(Q61K)mut NanoBiT assay

To assess protein—protein interactions in cells using NanoBiT tech-
nology*’, HEK 293T SHOC2-SmBiT-LgBIT-NRAS(Q61K), HEK 293T
SmBiT-128-amino acid-LgBiT cells were cultured in DMEM growth
media. Cells were passaged by centrifugationin the respective culture
mediaandsplitinto freshmediaataratio of1:20 twice week. Before the
NanoBiT cell-based immunoassay, 20,000 cells, were seeded in 100 pl
of complete growth medium supplemented with 0.1% FCS per well of a
96-well plate (Thermo Fisher 96-well, flat-bottom microplate, 136102).
Plates were incubated at 37 °C and 5% CO, for 2 h. After incubation, cells
were treated using an HP300 dispenser with increasing concentrations
of compound, seven-point serial dilution 1:3 starting from 30 pM to
40 nMas the lowest concentration for 4 h. Afterincubation, the medium
wasreplaced by 60 pl of Opti-MEM w/o Phenol red (Gibco, 11058), add-
ing 15 pl of NanoGlo Live substrate (Promega, N2012) diluted 1:60 in
Opti-MEM w/o Phenol red. Plates were mixed on an orbital shaker for
5 minand incubated for an extra 10 min at room temperature. Detec-
tion of luminescence signal intensity was performed using a Pherastar
FSX (BMG Labtech). Absolute qualified AC, values were analysed using
the standard Novartis in-house assay data analysis software (Helios
software application, Novartis Institutes for BioMedical Research,



unpublished) using the methods described****. With regard to the
experiment with the SHOC2(G290A) mutant, HEK293T cells were plated
in 96-well plates at a density of 20,000 cells per well and incubated
overnight at 37 °C and 5% CO,. In the following days, cells were trans-
fected with SHOC2(Gly290)-Ala-SmBiT and LgBiT-NRAS(Q61K) and
incubated again overnight at 37 °C and 5% CO,. Cells were treated using
an HP300 dispenser with increasing concentrations of compound,
seven-pointserial dilution1:3 starting from 10 uM to 40 nM as the lowest
concentration for 4 h. Afterincubation, 25 pl of NanoGlo Live substrate
(Promega, N2012) diluted 1:60 in Opti-MEM w/o Phenol red was added.
Plates were mixed on an orbital shaker for 5 min and incubated for an
extra 10 min at room temperature. Detection of luminescence signal
intensity was performed using a Pherastar FSX (BMG Labtech).

Chemical synthesis

General. Unless otherwise noted, all commercially available chemicals
and solvents were used asreceived. Solvents for peptide synthesis and
purifications were of high-performance liquid chromatography (HPLC)
grade or higher. Chemicals were purchased from Sigma Aldrich, VWR
oreMolecules.

Analytical ultra-high-performance liquid chromotography-mass
spectrometry (UPLC-MS) was performed using a Waters ACQUITY
UPLC. Method A: column, CORTECS C18, 2.7 um, 2.1 x 50 mmat 80 °C;
eluent A, water + 0.05% HCOOH + 3.75 mM NH,OAc; eluent B, isopro-
panol + 0.05% HCOOH; gradient, 5-50% B in 1.4 min, 50-98%in 0.3 min;
flow, 1.0 mI min™. Method B: Waters UPLC Acquity; column, BEH C18,
1.7 pm, 2.1x100 mmat 80 °C; eluent A, water + 0.05% HCOOH + 3.75 mM
NH,OAc; eluent B, isopropanol + 0.05% HCOOH; gradient, 5-60% B in
8.4 min, 60-98% in 1.0 min; flow, 0.4 ml min™. Method C: system cou-
pled to a Xevo G2-S QTof MS (ESI); column, Acquity UPLC CSH C18,
1.7 um, 2.1x 100 mmat 80 °C; flow, 0.5 mI min™; eluent A, water + 0.05%
TFA; eluent B, MeCN + 0.04% TFA; gradient, hold 5% for 0.2 min, 5-98%
Bin 9.2 min. Peaks were detected usinga DAD-UV chromatogram TIC at
210 nmand compounds were identified by electro-spray mass spectra
(£ mode).

Compounds were purified on a normal-phase flash chromatogra-
phy system (Teledyne ISCO CombiFlash Rf* Lumen) using prepacked
silica-gel cartridges withthe indicated mobile phase; or onreverse phase
preparative HPLC acidic method: instrument, Biichi Pure 835; column,
Waters XBridge C18, OBD Prep column, 30 x 250 mm; flow, 40 ml min™;
or water XSelect CSH C18 OBD, 30 x 100 mm; flow, 30 mI min™, 5 um
particlesize; detector, UV (220/254/280/320 nM) + ELSD; mobile phase,
0.1% aqueous TFA + acetonitrile; gradient, 2 min at a lower indicated
proportion of acetonitrile, 15 min from lower to higher indicated
proportion of acetonitrile, 3.5 min to higher indicated proportion of
acetonitrile; columnat roomtemperature; or on reverse-phase prepara-
tive HPLC non-acidic method: instrument, Waters AutoPurification
system; column, Waters XBridge C18, OBD Prep Column, 30 x 150 mm;
flow, 50 ml min™, 5 pum particle size; detector, Waters 2489 UV/visible
detector; mobile phase, 0.08% aqueous ammonium hydrogenocar-
bonate + acetonitrile; gradient, 1 min at 5% acetonitrile, 11 min 5-80%
acetonitrile, 14 min at 100% acetonitrile; column at room temperature.

Preparative chiral HPLC method: instrument, Shimadzu4; column,
Daicel Chiralpak IC, 250 x 4.6 mm, 5 um particle size; detector, UV
(220/280 nM); mobile phase, isocratic heptane-dichloromethane-EtOH
(75:15:10) + 0.05% (25% aqueous NH,); flow, 1 ml min™; column tem-
perature, 25°C.

Preparative chiral supercritical fluid chromatography (SFC) method:
instrument, ACCQPrep SFC; column, Daicel Chiralpak AD column,
250 x 30 mm, 5 um particle size; detector, UV (210/254 nM); mobile
phase; eluent A, sc-CO2, eluent B, EtOH + 0.05% (25% aqueous NH,);
isocratic elution, 45% B; flow, 95 ml min™; column temperature, 40 °C;
pressure, 100 bar.

Analytical chiral SFC method: instrument, Shimadzu LC-30-ADSF;
column, Daicel asindicated, 100 x4.6 mm, 5 um particle size; detector,

diode array; mobile phase, eluent A, sc-CO,; eluent B, asindicated; flow,
3 ml min™; column temperature, 40 °C; pressure, 122.5 bar.

'Hand C NMR were measured on various Bruker Avance spectrom-
etersatroomtemperature, and datawere reported as follows: chemical
shift (ppm) from an internal standard, multiplicity (s, singlet; d, dou-
blet; dd, double doublet; ddd, double doublet of doublet; dt, doublet
of triplet; m, multiplet; and brs, broad singlet), coupling constant/
(Hz), and integration.

The LC-HRMS analyses were performed by dissolving the sample
witha concentration of 1 mg ml™in ACN:H,0 (7:3). LC/ESI-MS datawere
recorded using an Orbitrap Lumos (Thermo Fisher Scientific) mass
spectrometer equipped with an electrospray ionization source and
coupledtoaThermo Ultimate 3000 liquid chromatograph equipped
with a diode array detector. The chromatography separation was
achieved with an Acquity UPLC BEH C18 1.7 pm, 1.0 x 50 mm column.
The accurate mass was obtained by averaging 6 scans at a mass resolu-
tion of around 70,000 or 120,000 (full width at half-maximum). The
mass accuracy of the system has been found to be better than 2 ppm.
The chromatography was performed at 150 pl min™ flow rate with a
gradient of 5-100% B acetonitrile with 0.05% formic acidin 9 min. The
mobile phase A was water with 0.04% formic acid.

Abbreviations. DIAD, diisopropyl azodicarboxylate; DIC,
N,N’-diisopropylcarbodiimide; DIPEA, N,N-diisopropylethylamine;
DMF, dimethyl formamide; DODT, 2,2’-(ethylendioxy)diethanthiol;
EtOAc, ethyl acetate; LIHMDS, lithium hexamethyldisilazide; MeCN,
acetonitrile; NMP, N-methylpyrrolidone; Pd-C, palladium on activat-
ed charcoal; Pd(dbpf)Cl,, 1,1’-bis-(di-tert-butylphosphino)-ferrocene
palladium(ll) dichloride; Pd(dppf)Cl,, 1,1’-bis-(diphenylphosphino)-
ferrocene palladium(ll) dichloride; Rt, retention time; TFA, trifluoro-
aceticacid; THF, tetrahydrofuran; TIS, triisopropylsilane.

Synthesis of diastereomeric mixture 1 and compounds 2 and 3.
To asolution of tert-butyl (S)-(5-bromo-2,3-dihydrobenzofuran-3-yl)
carbamate (prepared as described in ref. 55; 503 mg, 1.60 mmol),
4,4,4',4',5,5,5,5-octamethyl-2,2’-bi(1,3,2-dioxaborolane) (488 mg,
1.92 mmol; CAS, 73183-34-3) and potassium acetate (472 mg, 4.81 mmol)
in dioxane (15 ml) under argon was added Pd(dppf)Cl, (77 mg,
0.105 mmol). The reaction mixture was sealed and stirred for 18.5 h
at 90 °C. The reaction mixture was cooled to room temperature and
diluted with EtOAc (80 ml) and brine (30 ml). The organic layer was
washed with brine (30 ml), dried over Na,SO,, filtered and evaporated
todryness. The crude residue was purified by normal-phase flash chro-
matography (24 gsilicagel, cyclohexane/EtOAc 0% to 25%) to give after
evaporation of the pure fractions and drying under vacuum 490 mg
(83% yield) of tert-butyl (S)-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborol
an-2-yl)-2,3-dihydrobenzofuran-3-yl)carbamate (1a, Supplementary
Fig.1a) as an off-white solid (98% pure; Rt 1.39 min; MS (ESI*, m/z) 384.2
(M +Na)*; method A).

Toasolution of tert-butyl 2-(2-((3-bromobenzyl)oxy)phenyl)acetate
(prepared as described in ref. 55; 281 mg, 745 pmol) in THF (2.3 ml)
cooled at-78 °Cwas added dropwise asolution1 M in THF of LIHMDS
(1.9 ml, 1.9 mmol). Thereaction mixture was stirred for 15 minat-78 °C
before addingasolution of chlorotrimethylsilane (219 mg, 2.01 mmol)
in THF (0.25 ml). The reaction mixture was stirred for 15 min at-78 °C
before adding N-bromosuccinimide (135 mg, 0.751 mmol). The reaction
mixture was allowed to slowly reach room temperature and was stirred
at this temperature for 17 h. The reaction mixture was poured onto
water (40 ml) and extracted twice with EtOAc (40 ml). The combined
organic layers were washed with brine (20 ml) then dried over Na,SO,,
filtered and evaporated to dryness. The crude residue was separated
by normal-phase flash chromatography (40 gsilica gel, cyclohexane/
EtOAc 0% to 20%) to give after evaporation an impure intermedi-
ate that was further subjected to purification by reverse-phase pre-
parative HPLC (XSelect, 35% to 100% MeCN in 0.1% aqueous TFA).
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The fractions containing the intermediate were lyophilized to give
190 mgof'tert-butyl2-bromo-2-(2-((3-bromobenzyl)oxy)phenyl)acetate
(1b) as alyophilizate (84% pure). To the lyophilizate in NMP (2.8 ml) was
added 5-aminobenzo[d]oxazol-2(3H)-one (126 mg, 0.839 mmol; CAS,
14733-77-8). Thereaction mixture was stirred for 21 hat 60 °C. Thereac-
tion mixture was cooled to room temperature and poured onto water
(30 ml) and extracted twice with EtOAc (40 ml). The combined organic
layers were washed twice with brine (30 ml), dried over Na,SO,, filtered
and evaporated to dryness to afford 227 mg (34% yield) of crude tert-
butyl 2-(2-((3-bromobenzyl)oxy)phenyl)-2-((2-oxo0-2,3-dihydrobenzol[d]
oxazol-5-yl)amino)acetate (1c) (90% pure; Rt 1.42 min; MS (ESI*, m/z)
525.1,527.1(Br pattern) [M + H]*; MS (ESI", m/z) 523.1,525.1 (Br pattern)
[M-H]; method A).

To a solution saturated with argon of compound 1c (187 mg,
320 pmol), compound1a (178 mg, 483 pmol) and Pd(dbpf)Cl, (19 mg,
29.2 umol)in THF (3 ml) wasadded 2.4 Maqueous Cs,CO,(0.335 ml, 804
pmol). The reaction mixture was sealed and stirred for4.5hat 90 °C.
The reaction mixture was cooled to room temperature and diluted
with EtOAc (80 ml) and brine (20 ml). The organic layer was dried over
Na,SO,, filtered and evaporated to dryness. The crude residue was
purified by normal-phase flash chromatography (24 g silica gel,
cyclohexane/EtOAc 0% to 60%) to give after evaporation of the pure
fractions and drying under vacuum, 197 mg (91% yield) of tert-butyl
2-(2-((3-((S)-3-((tert-butoxycarbonyl)amino)-2,3-dihydrobenzofuran-
5-yl)benzyl)oxy)phenyl)-2-((2-oxo0-2,3-dihydrobenzo[d]oxazol-5-yl)
amino)acetate (1d) as a yellowish sticky oil (100% pure; Rt 7.13 min;
MS (ESI*, m/z) 680.3 [M + H]"; MS (ESI", m/z) 678.3 [M-H]~; method B).
The diastereomeric mixture (87 mg) was separated by preparative
chiral HPLC to afford after evaporation of the pure fractions and dry-
ing under vacuum, 40 mg of the first eluting diastereomer 2a (100%
pure; Rt 7.13 min; MS (ESI*, m/z) 680.3 [M + H]*; MS (ESI", m/z) 678.3
[M-H]"; method B; more than 99% de; analytical chiral SFC; Chiralpak
I1C;25% EtOH + 0.05% (25% aqueous NH,); Rt 3.81 min) and 39 mg of the
second eluting diastereomer 3a (100% pure; Rt 7.13 min; MS (ESI*, m/z)
680.3 [M + H]*; MS (ESI", m/z) 678.3[M-H]; method B; 95.4% de; ana-
lytical chiral SFC; ChiralpakIC; 25% EtOH + 0.05% (25% aqueous NH,);
Rt 4.37 min).

Compound 1d (90 mg, 132 pmol) was treated with 4 M HCI (3 ml,
12 mmol) in dioxane. The reaction mixture was stirred for 6 hatroom
temperature. The reaction mixture was blown off with a flux of N, and
dried under vacuum to afford 74 mg (96% yield) of the title diastere-
omeric mixture as crude monohydrochloride salt (97% pure). The crude
salt (20 mg) was purified by reverse-phase preparative HPLC (XSelect, 5%
to80%MeCNin 0.1% aqueous TFA). The pure fractions were lyophilized
togive17 mgof (R/S)-2-(2-((3-((S)-3-(amino)-2,3-dihydrobenzofuran-
5-yl)benzyl)oxy)phenyl)-2-((2-oxo-2,3-dihydrobenzo[d]oxazol-5-yl)
amino)aceticacid (1, diastereomeric mixture 1:1) as a TFA salt lyophili-
zate (97% pure; Rt 3.25 min; MS (ESI", m/z) 522.2 [M-H]; method B). Each
diastereomer (R)-2-(2-((3-((S)-3-(amino)-2,3-dihydrobenzofuran-5-yl)
benzyl)oxy)phenyl)-2-((2-ox0-2,3-dihydrobenzo[d]oxazol-5-yl)amino)
aceticacid and (§)-2-(2-((3-((5)-3-(amino)-2,3-dihydrobenzofuran-5-yl)
benzyl)oxy)phenyl)-2-((2-ox0-2,3-dihydrobenzo[d]oxazol-5-yl)amino)
acetic acid of the diastereomeric mixture 1 was synthesized from the
separated diastereomers 2a and 3a using the same procedure, but
adapted to the scale, as described above for diastereomeric mixture
1but without being able to attribute which displayed the configura-
tion (S,S) or (R,S). Compound 2a (40 mg) afforded 35 mg (97% yield) of
monohydrochloride salt 2 as an off-white solid (97% pure; Rt 3.24 min;
MS (ESI", m/z) 522.2 [M-H]; method B; more than 99% de; analytical chi-
ral SFC; ChiralpakIG; 50% EtOH + 0.05% (25% aqueous NH,); Rt 2.20 min;
HRMS (m/z): [M-H]" calculated (calcd) for C;,H,,N;04, 522.1665; found,
522.1672;'H-NMR (500 MHz, DMSO) § 11.29 ppm (d,/=3.4 Hz, 1H),
8.71(d,/=13.8 Hz, 3H), 7.96 (d,/=4.8 Hz, 1H), 7.73 (s, 1H), 7.60 (dd,

J=8.4,2.1Hz,1H), 7.57-7.51 (m, 1H), 7.51-7.45 (m, 2H), 7.40 (dd,/ = 7.6,
1.7Hz,1H),7.28(ddd,/=9.0,7.4,1.7 Hz,1H),7.14 (dd,/=8.4,1.1 Hz, 1H),

6.99-6.92(m,2H),6.90 (d,/=8.6 Hz,1H), 6.42 (d,/= 2.3 Hz, 1H), 6.30
(dd,/=8.8,2.5Hz,1H), 5.43 (s, 1H), 5.28 (s, 2H), 5.10-5.06 (m, 1H), 4.75
(dd,/=10.9,8.2Hz,1H),4.56 (dd,/=11.0,3.6 Hz,1H),4.02 (dd,/=172.1,
8.4 Hz,1H), 3.72-3.66 (m,1H) and compound 3a (39 mg) afforded 35 mg
(99% yield) of monohydrochloride salt 3 as an off-white solid (96%
pure; Rt 3.20 min; MS (ESI", m/z) 522.2 [M-H]"; method B; more than
95% de; analytical chiral SFC; Chiralpak IG; 50% EtOH + 0.05% (25%
aqueous NH,); Rt 4.09 min; HRMS (m/z): [M-H]" calcd for C;oH,,N;0,
522.1665; found, 522.1672; '"H-NMR (500 MHz, DMSO) § 11.32 ppm
(s,1H), 8.79 (s, 3H),7.99 (d,/=2.0 Hz,1H), 7.73 (s, 1H), 7.59 (dd, /= 8.4,
2.1Hz,1H),7.57-7.51 (m, 1H), 7.51-7.43 (m, 2H), 7.40 (dd,/=7.6,1.7 Hz,
1H),7.28 (ddd,/=8.9,7.4,1.7 Hz,1H), 715 (d,/= 8.1 Hz, 1H), 7.00-6.93
(m,2H), 6.91(d,/=8.6 Hz,1H), 6.44 (d,/=2.3 Hz,1H), 6.31(dd,/=8.7,
2.3Hz,1H),5.44 (s,1H),5.28 (s,2H), 5.12-5.06 (m, 1H), 4.76 (dd,/=10.9,
8.2Hz,1H),4.56 (dd,/=10.9,3.6 Hz,1H),4.04 (dd,/ =163.8, 8.7 Hz, 1H),
3.73-3.65(m, 1H).

Synthesis of peptide 4. CEM Pro Tide Rink amide resin (172 mg,
0.1mmol, 0.58 mmol g*) was suspended in DMF and allowed to swell for
30 min. The peptide sequence was synthesized usinga CEM LibertyBlue
synthesizer. The Fmoc-protecting group was removed by treatment
with 5% pyrrolidine in DMF at 90 °C for 2 min. Amide couplings were
performed using Fmoc-protected amino acids (4 eq., 0.2 M in DMF),
DIC (8 eq.,1Min DMF) and Oxyma Pure (8 eq,1 M in DMF) at 90 °C for
4 min. The assembled peptide chain was N-terminally capped using
chloro-acetic acid (4 eq., 0.2 M in DMF) under the same conditions.

The resin was transferred into a cartridge with frit and washed
sequentially with DMF and DCM. The resin was treated with TFA/
water/TIS/DODT (9.25:2.5:2.5:2.5, 6 ml) for 1.5 h and then filtered.
Thefiltrate was collected in dry ice-cooled diethyl ether/heptane (1:1,
60 ml). The suspension was centrifuged (4,500 rpm for 6 min) and
the solution carefully decanted. The obtained solids were suspended
indry ice-cooled diethyl ether (60 ml) and centrifuged again. After
decanting the supernatant, the crude linear peptide pellet was dried
under astream of argon. Subsequently, it was dissolved in acetonitrile/
water (1:1, 25 ml) and DIPEA (0.5 ml) was added. The mixture was
agitated at room temperature for 1 h, then frozen and lyophilized to
afford the crude cyclic peptide Ac{14}-Phe-Lys-Asp-Trp-Tyr-Gly-Glu-
lle-Trp-Phe-Asp-Gly-Val-Cys{0}-NH, (4) (Supplementary Fig.1b). Peptide
4 was purified by preparative HPLC (XBridge, 5% to 80% acetonitrile
in 0.08% aqueous NH,HCO,). This afforded peptide 4 in a salt-free
form (39.8 mg, more than 99% purity, method C; 22% yield). HRMS
(m/z): [M + 2H]* calcd. for CggH,;,N;50,,S 902.3954, found 902.3942
(Supplementary Fig. 1c).

Synthesis of racemic compound 5, (S)-5 and (R)-5. To asuspension
of methyl 2-(2-hydroxyphenyl)acetate (500 mg, 3 mmol; CAS, 22446-
37-3), (5-bromo-2-chlorophenyl)methanol (816 mg, 3.61 mmol; CAS,
149965-40-2) and polystyrene polymer supported triphenylphosphine
(2.45g,3.63 mmol) in anhydrous THF (20 ml) under argon was added
DIAD (730 mg, 3.61 mmol; CAS, 2446-83-5). The reaction mixture was
stirred for 20.5 h at room temperature. The reaction mixture was fil-
tered over Celite. The filtrate was diluted with EtOAc (80 ml) and was
washed twice with brine (20 ml) thenwas dried over Na,SO,, filtered and
evaporated todryness. The crude residue was purified by normal-phase
flash chromatography (40 gsilicagel, cyclohexane/EtOAc 0% to 25%) to
give after evaporation of the pure fractions and drying under vacuum,
976 mg (88% yield) of methyl 2-(2-((5-bromo-2-chlorobenzyl)oxy)phe-
nyl)acetate (5a; Supplementary Fig. 1d) as an off-white solid (100%
pure; Rt 1.50 min; MS (ESI*, m/z) 369.0, 371.0 (BrCl pattern) [M + H]";
method A). To a solution of compound 5a (976 mg, 2.64 mmol) in
anhydrous THF (8 ml) cooled at -78 °C was added dropwise a solu-
tion1Min THF of LIHMDS (6.9 ml, 6.9 mmol). The reaction mixture
was stirred for 15 min at =78 °C before adding a solution of chlorotri-
methylsilane (774.5 mg, 7.13 mmol) in THF (2 ml). The reaction mixture



was stirred for 30 min at =78 °C before adding N-bromosuccinimide
(500 mg, 2.78 mmol). The reaction mixture was allowed to slowly
reach room temperature and was stirred 16.5 h at this temperature.
The reaction mixture was poured onto water (80 ml) and extracted
twice with EtOAc (80 ml). The combined organic layers were washed
with brine (60 ml) then dried over Na,SO,, filtered and evaporated
to dryness. The crude residue was separated by flash chromatogra-
phy (40 gsilicagel, cyclohexane/dichloromethane 0% to 25%) to give
after evaporation of the fractions and drying under vacuum, 1.02 g
(74% yield) of methyl 2-bromo-2-(2-((5-bromo-2-chlorobenzyl)oxy)
phenyl)acetate (5b) as a yellowish sticky oil (86% pure; Rt 1.56 min;
method A). Tocompound 5b (200 mg, 446 pmol) underargonin NMP
(2.5 ml) was added 5-aminobenzo[d]oxazol-2(3H)-one (135 mg, 899
pmol; CAS, 14733-77-8). The reaction mixture was stirred for 1.5 h at
80 °C. The reaction mixture was cooled to room temperature and
poured onto water (70 ml) and extracted with EtOAc (60 ml). The or-
ganic layer was washed twice with brine (20 ml), dried over Na,SO,,
filtered and evaporated to dryness. The crude residue was purified
by reverse-phase preparative HPLC (XBridge, 40% to 100% MeCN in
0.1% aqueous TFA). The pure fractions were evaporated to dryness
to give 171 mg (71% yield) of methyl 2-(2-((5-bromo-2-chlorobenzyl)
oxy)phenyl)-2-((2-oxo0-2,3-dihydrobenzo[d]oxazol-5-yl)amino)acetate
(5¢) as an off-white foam (96% pure; Rt 1.27 min; MS (ESI*, m/z) 516.9,
518.8,520.9 (BrCl pattern) [M + H]*; MS (ESI-, m/z) 515.0, 516.9, 518.9
(BrCl pattern) [M-H]"; method A). To asolution saturated with argon of
compound 5¢ (171 mg, 317 pmol), phenylboronic acid (45 mg, 358 umol;
CAST, 98-80-6), Pd(dbpf)Cl, (30 mg, 46 umol) in THF (4 ml) was added
2.4 Maqueous Cs,CO; (0.33 ml, 792 pmol). The reaction mixture was
sealed and stirred for 3 hat 90 °C. The reaction mixture was cooled to
room temperature and diluted with EtOAc (80 ml) and brine (20 ml).
The organic layer was dried over Na,SO,, filtered and evaporated to
dryness. The crude residue was separated by normal-phase flash chro-
matography (12 g silicagel, cyclohexane/EtOAc 0% to 50%) to give after
evaporation of the pure fractions and drying under vacuum, 125 mg
(65% yield) of methyl 2-(2-((4-chloro-[1,1’-biphenyl]-3-yl)methoxy)
phenyl)-2-((2-oxo0-2,3-dihydrobenzo[d]oxazol-5-yl)amino)acetate (5d)
as an off-white foam (85% pure; Rt 1.41 min; MS (ESI*, m/z) 515.3,517.3 (CI
pattern) [M + H]"; MS (ESI", m/z) 513.3, 515.2 (Cl pattern) [M-H]"; method
A). Toasolution of compound 5d (125 mg, 206 pmol) in dioxane (3.5 ml)
wasadded1Maqueous LiOH (0.7 ml, 700 pmol). The reaction mixture
was sealed and stirred for 1.25 h at 40 °C. The reaction mixture was
cooled to room temperature and 2 M aqueous HCI (66.1 pl, 132 umol)
was added. The reaction mixture was cooled to room temperature
and quenched with water (30 ml). The solution was adjusted around
pH2with2 Maqueous HCl and extracted twice with EtOAc (40 ml). The
combined organic layers were dried over Na,SO,, filtered and evapo-
rated to dryness. The crude residue was purified by reverse-phase
preparative HPLC (XSelect, 40% to 100% MeCN in 0.1% aqueous TFA).
The pure fractions were concentrated and the suspension was cooled
for1hat4 °C.The precipitate was filtered and washed with water and
then dried under vacuumto give 83 mg (79%) of (rac)-2-(2-((4-chloro-
[1,1’-biphenyl]-3-yl)methoxy)phenyl)-2-((2-0x0-2,3-dihydrobenzo[d]

oxazol-5-yl)amino)acetic acid (5) as awhite solid (98% pure; Rt 6.32 min;
MS (ESI*, m/z) 501.0, 502.9 (Cl pattern) [M + H]*; MS (ESI", m/z) 499.1,
501.1 (Cl pattern) [M-H]"; method B; HRMS (m/z): [M + H]" calcd for
C,sH,,CIN,0;, 501.1217; found, 501.1215; 'H-NMR (600 MHz,d,-DMSO) &
12.75ppm (brs, 1H),11.21(s,1H),8.00 (d,/= 2.3 Hz,1H),7.68 (dd,] = 8.3,
2.3Hz,1H),7.65-7.58 (m, 3H), 7.45-7.33 (m, 4H), 7.31(td, /= 7.8,1.7 Hz,
1H),7.18(d,/=8.2Hz,1H), 6.99(t,/=7.5Hz,1H), 6.86 (d,/= 8.6 Hz,1H),
6.40 (t,/=2.1Hz,1H), 6.28 (dt,/=8.7,2.0 Hz,1H),5.44 (d,/= 2.2 Hz,1H),
5.38-5.30 (m, 2H); ®*C-NMR (151 MHz, d,-DMSO0) 6 172.85 ppm, 155.60,
154.89,144.42,139.21,138.60, 135.20, 134.87,131.10, 130.86, 129.82,
129.17,128.96,128.08,127.81,127.61,127.25,126.97,126.58,121.17,112.58,
109.49,105.37,94.73, 67.06, 54.23. The racemic mixture 5 (73 mg) was
separated by preparative chiral SFC to afford after evaporation of the

respective separated fractions and drying under vacuum followed
by reverse-phase preparative HPLC (XSelect, 30% to 100% MeCN in
0.1% aqueous TFA), 23 mg as an off-white solid of title compound en-
antiomer (8)-5 (96% pure; more than 99.9% ee; analytical chiral SFC;
ChiralpaklG100 x 4.6 mm 5 um 35% (iPrOH + 0.05% aqueous 25% NH,);
Rt3.41 min), the absolute configurations of which were assigned post
hocby co-crystallization (PDB: 90VJ) and 24 mg as an off-white solid of
title compound enantiomer (R)-5 (95% pure; 99.6% ee: analytical chiral
SFC; ChiralpakIG100 x 4.6 mm 5 um35% (iPrOH + 0.05% aqueous 25%
NH,); Rt 4.15 min).

Synthesis of compounds 6 and 7. A solution of 4-(benzyloxy)-
3-nitrobenzaldehyde (490 mg, 1.91 mmol; CAS, 22955-07-3), (5)-2-
methylpropane-2-sulfinamide (277 mg, 2.29 mmol; CAS, 343338-28-3),
copper(ll) sulfate (851 mg, 5.33 mmol) indichloromethane (4.800 ml)
wassealed and stirred for 5 dat 50 °C. The reaction mixture was cooled
toroomtemperature and filtered over Celite. The remaining solid was
washed with dichloromethane (50 ml). The filtrate was evaporated to
drynessand the crude residue was purified by normal-phase flash chro-
matography (40 gsilicagel, dichloromethane/EtOAc 0% to 20%) to give
after evaporation of the pure fractions and drying under vacuum,
603 mg (88% yield) of (S,E)-N-(4-(benzyloxy)-3-nitrobenzylidene)-
2-methylpropane-2-sulfinamide (6a; Supplementary Fig. 1e) as an
off-white solid (100% pure; Rt 1.24 min; MS (ESI*, m/z) 361.1[M + H]";
method A; HRMS (m/z): [M + H]* calcd for C,gH;N,0,S, 361.1222; found,
361.1217; 'H-NMR (500 MHz, d,-DMSO) & 8.56 ppm (s, 1H), 8.47
(d,/=2.1Hz,1H), 8.22(dd,/=8.8,2.2Hz,1H), 7.61(d,/=8.9 Hz, 1H),
7.50-7.32(m, 5H), 5.42 (s, 2H), 1.18 (s, 9H)). To asolution of intermediate
6a (440 mg, 1.22 mmol) in dichloromethane (8 ml) under argon was
added BF;.0Et, (346.5 mg, 2.44 mmol). The reaction mixture was stirred
for 0.75 h at room temperature and then was added a solution of
((1-methoxy-2-methylprop-1-en-1-yl)oxy)trimethylsilane (425.6 mg,
2.44 mmol) indichloromethane (4 ml). The reaction mixture was sealed
and stirred for 21.5 h at room temperature. The reaction mixture was
diluted with dichloromethane (40 ml) and brine (20 ml). The aqueous
layer was extracted with dichloromethane (40 ml) and the combined
organiclayers were dried over Na,SO,, filtered and evaporated todry-
ness. The crude residue was purified by normal-phase flash chroma-
tography (80 gsilica gel, dichloromethane/EtOAc 0% to 40%) to give
after evaporation of the pure fractions (first eluting diastereomer)
and drying under vacuum, 164.3 mg (29% yield) of methyl (R)-3-
(4-(benzyloxy)-3-nitrophenyl)-3-(((S)-tert-butylsulfinyl)amino)-2,2-
dimethylpropanoate (6b) as an oil (100% pure; Rt 1.18 min; MS (ESI*,
m/z) 463.4 [M + H]"; MS (ESI", m/z) 461.3 [M - H]; method A; HRMS
(m/z):[M + H]" calcd for C»3H;N,0,S, 463.1903; found, 463.1897; 'H-NMR
(500 MHz, d,-DMSO) 6 8.03 ppm (d,/=2.3 Hz, 1H), 7.70 (dd,/=8.8,
2.3Hz,1H),7.49-7.38 (m, 5H), 7.38-7.32 (m, 1H), 5.57 (d,/=11.1 Hz, 1H),
5.31(s,2H),4.56 (d,/=11.1Hz,1H), 3.59 (s,3H),1.09 (s, 9H),1.08 (s, 3H),
0.96 (s, 3H). From the second eluting diastereomer methyl (S)-3-
(4-(benzyloxy)-3-nitrophenyl)-3-(((S)-tert-butylsulfinyl)amino)-2,2-
dimethylpropanoate (7a) was recovered 187.5 mg (33% yield) as an oil
(94% pure; Rt 1.18 min; MS (ESI*, m/z) 463.5[M + H]*; MS (ESI", m/z) 461.3
[M - H]-; method A; HRMS (m/z): [M + H]" calcd for C,;H;N,0O,S,
463.1903; found, 463.1897; '"H-NMR (500 MHz, d,-DMSO0) 6 7.84 ppm
(d,/=2.2Hz,1H),7.58(dd,/=8.8,2.3 Hz,1H), 7.48-7.38 (m, 5H), 7.38-7.31
(m,1H), 5.47 (d,/=8.0 Hz, 1H), 5.28 (s, 2H), 4.59 (d,/= 8.1 Hz, 1H), 3.63
(s,3H), 1.14 (s, 3H), 1.05 (s, 3H), 1.01 (s, 9H) and was used to assess by
small-molecule X-ray the configuration of the newly formed stereo-
centre, to synthesize, by analogy to its diastereomer compound 6c,
26.8 mg (yield 21%) of methyl (§)-3-(((S)-tert-butylsulfinyl)amino)-
2,2-dimethyl-3-(2-0x0-2,3-dihydrobenzo[d]oxazol-5-yl)propanoate
(7b) as an off-white solid (99% pure; Rt 3.68 min; MS (ESI*, m/z) 369.1
[M +HI*; MS (ESI-, m/z) 367.2 [M-H]"; method B; HRMS (m/z): [M + H]*
caled for C;H,sN,0.S, 369.1484; found, 369.1479; 'H-NMR (500 MHz,
d,-DMSO0) 611.59 ppm (s, 1H), 7.20 (d,/ = 8.2 Hz, 1H), 7.02-6.95 (m, 2H),
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5.37(d,/=7.5Hz,1H),4.53(d,/=7.5Hz,1H),3.63 (s, 3H),1.15 (s, 3H),1.04
(s,3H), 1.00 (s, 9H); ®C-NMR (126 MHz, d,-DMS0) 8 175.96, 154.42,
142.44,135.10,129.84,122.11,109.61, 108.55, 65.41, 55.38, 51.89, 47.67,
22.48,22.14,20.97 (CCDC-2353396 shows S,S-configuration; www.ccdc.
cam.ac.uk/structures). A solution of compound 6b (164.0 mg, 355
pmol) in THF (3.600 ml) and EtOAc (1.800 ml) was flushed with N, and
Pd-C (50 mg,10% weight, 47.0 umol) was added. The reaction mixture
was flushed with H,and stirred for 2 h at room temperature under 1.1 bar
H,. The reaction mixture was filtered over Celite and the catalyst was
washed with EtOAc (25 ml) and THF (10 ml). The filtrate was evapo-
rated and dried to give 128 mg of crude intermediate as an off-white
solid (90% pure; Rt 0.62 min; MS (ESI*, m/z) 343.1[M + H]"; MS (ESI",
m/z) 341.2[M - H]; method A). The solid was taken in dichloromethane
(3.400 ml) and triethylamine (103.3 mg, 1.020 mmol) was added. The
solutionwas cooledinanice bathand diphosgene (40.4 mg,204.1 umol)
was added, then the reaction mixture was stirred for 0.5h at 0 °C and
75 minatroomtemperature. The reaction mixture was cooledinanice
bath and quenched with saturated aqueous NaHCO, (1 ml) then diluted
with dichloromethane (40 ml) and brine (20 ml). The aqueous layer
was extracted with dichloromethane (30 ml) and the combined or-
ganic layers were washed with brine (20 ml), dried over Na,SO,, filtered
and evaporated to dryness. The crude residue was purified by normal-
phase flash chromatography (24 gsilicagel, dichloromethane/MeOH
0% to 5%) to give after evaporation of the pure fractions and drying
under vacuum, 45.4 mg (33% yield) of methyl (R)-3-(((S)-tert-butylsulfi-
nyl)amino)-2,2-dimethyl-3-(2-ox0-2,3-dihydrobenzo[d]oxazol-5-yl)
propanoate (6c¢) as a film (97% pure; Rt 3.69 min; MS (ESI*, m/z) 368.9
[M +H]*; MS (ESI", m/z) 367.1 [M-H]"; method B; HRMS (m/2): [M + H]*
calcd for C;;H,5N,05S, 369.1484; found, 369.1479); 'H-NMR (500 MHz,
d,-DMSO0) 811.69 ppm (s, 1H), 7.2-7.16 (m, 2 H), 7.06 (dd,/ = 8.4, 1.8 Hz,
1H),5.48(d,/=10.9 Hz,1H), 4.51(d,/=10.9 Hz, 1H), 3.58 (s, 3H), 1.12-1.04
(m, 12H), 0.95 (s, 3H); *C-NMR (126 MHz, d,-DMSO) § 175.95,154.60,
142.47,135.54,129.71,122.50,109.97,108.34, 66.67, 55.90, 51.68, 47.81,
23.39,22.57,19.92. To a solution of compound 6c¢ (20.1 mg, 54.6 pumol)
indichloromethane (0.350 ml) was added 4 MHCl in dioxane (27.3 ul,
109 pumol). The reaction mixture was sealed and stirred for 1.25 h at
room temperature. The reaction mixture was blown off with a flux of
N, and dried under vacuum. To the residue under argon was added a
solution of 2-(3-iodophenyl)acetic acid (17.2 mg, 65.5 pmol; CAS, 1878-
69-9) in DMA (0.550 ml) preliminarily treated with triethylamine
(19.3 mg,26.6 l,3.5eq,191 umol) and TPTU (22.7 mg, 1.4 eq, 76.4 umol)
for 3 min at room temperature. The reaction mixture was stirred for
40 min at room temperature. The reaction mixture was diluted with
EtOAc (50 ml) and washed with brine (4 x 25 ml), dried over Na,SO,,
filtered and evaporated to dryness. The crude residue was purified by
normal-phase flash chromatography (12 g silicagel, dichloromethane/
EtOAc 0% to 60%) to give after evaporation of the pure fractions and
drying under vacuum, 16.8 mg (59% yield) of methyl (R)-3-(2-(3-iodo-
phenyl)acetamido)-2,2-dimethyl-3-(2-o0x0-2,3-dihydrobenzo[d]oxazol-
5-yl)propanoate (6d) as a film (98% pure; Rt 1.00 min; MS (ESI*, m/z)
509.0 [M + H]; MS (ESI", m/z) 507.1[M-H]"; method A). To a solution of
compound 6d (16.8 mg, 33.1 pmol) in dioxane (0.330 ml) was added
1Maqueous LiOH (132 pl, 132 pmol). The reaction mixture was sealed
andstirred for 5.5 hat50 °C. The reaction mixture was cooled at room
temperature and 2 M aqueous HCI (66.1 pl, 132 pmol) was added. The
reaction mixture was blown off with N, flux and the crude residue was
purified by reverse-phase preparative HPLC (XBridge, 5% to100% MeCN
in 0.1% aqueous TFA). The pure fractions were concentrated and lyo-
philized to give 10.1 mg (61%) of (R)-3-(2-(3-iodophenyl)acetamido)-
2,2-dimethyl-3-(2-0x0-2,3-dihydrobenzo[d]oxazol-5-yl)propanoicacid
(6) as awhite lyophilizate (98% pure; Rt 4.36 min; MS (ESI*, m/z) 495.0
[M+H]*; MS (ESI", m/z) 493.1[M - H]"; method B; 94% ee; analytical
chiral SFC; Chiralpak IH; 30% MeOH + 0.05% (25% aqueous NH,); Rt
2.34 min; HRMS (m/z): [M + H]" calcd for C,oH,0IN,05, 495.0417; found,
495.0411; 'H-NMR (500 MHz,d,-DMSO0) § 12.49 ppm (brs, 1H), 11.66 (s,

1H), 8.48(d,/=9.8 Hz,1H), 7.61 (t,/ = 1.7 Hz,1H), 7.56 (ddd, /= 7.8, 1.8,
1.1Hz,1H), 7.27-7.17 (m, 2H), 7.08 (t,/= 7.8 Hz, 1H), 7.02-6.95 (m, 2H),
5.24(d,/=9.8 Hz,1H), 3.57-3.45(m, 2H),1.06 (s, 3H),1.01 (s, 3H); *C-NMR
(151 MHz, d,-DMSO0) 6177.12,169.14,154.54,142.30,139.01,137.57,135.60,
135.00,130.35,129.88,128.41,121.68,109.33,108.63, 94.57,57.62,46.29,
41.35,22.27,21.17.(S)-3-(2-(3-iodophenyl)acetamido)-2,2-dimethyl-
3-(2-0x0-2,3-dihydrobenzo[d]oxazol-5-yl)propanoic acid (7) was
obtained asawhite lyophilizate (100%; Rt 4.30 min; MS (ESI*, m/z) 495.1
[M+H]*; MS (ESI", m/z) 493.0 [M - H]"; method B; more than 99)% ee;
analytical chiral SFC; Chiralpak IH; 30% MeOH + 0.05% (25% aque-
ous NH;); Rt 2.03 min; HRMS (m/z): [M + H]"* calcd for C,,H,0IN,Os,
495.0417; found, 495.0410; 'H-NMR (500 MHz,d,-DMS0) § 12.46 ppm
(brs, 1H),11.64 (s, 1H), 8.48 (d,/=9.5Hz,1H), 7.61 (t,/=1.8 Hz,1H), 7.56
(d,/=7.7Hz,1H),7.27-7.17 (m, 2H), 7.08 (t,/ = 7.7 Hz,1H), 7.02-6.95 (m,
2H),5.24 (d,/=9.7 Hz, 1H), 3.55-3.46 (m, 2H), 1.06 (s, 3H), 1.02 (s, 3H);
BC-NMR (151 MHz, d,-DMS0) §177.13,169.12, 154.54,142.30, 139.00,
137.57,135.63,135.00,130.33,129.88, 128.40, 121.68, 109.33,108.60,
94.55,57.66,46.26,41.36,22.30, 21.23) by analogy to the conversion of
intermediate 6¢ to compound 6 starting fromintermediate 7b (overall
yield 57%).

Ligandability analysis (Supplementary Fig. 2). a, Protein-protein
interaction interface between SHOC2 (green cartoons) and NRAS
(orange). b, A single ligandable site (pink surface) in SHOC2 is loca-
ted at the SHOC2-RAS interface. ¢, Peptide 4 (blue surface) identi-
fied by an unbiased screen binds at the same site at the PPl interface.
d, Low-molecular-weight compound (R)-5 (yellow surface) overlapsin
the same binding site. e, Atomistic overlap of peptide 4 (blue sticks)
and compound (R)-5 (yellow sticks) in their binding site. Although
the peptide is larger and extends further towards the N-terminal part
of SHOC2, it overlaps with the low-molecular-weight compound
interface. Key contacts are preserved between the peptide and the
low-molecular-weight compounds. f, Highlight of the key carbolic
acid of Aspll of peptide 4 and compound (R)-5 exhibiting a similar
salt bridge to R223 and hydrogen bond to Q269. g, Highlight of key
greasy interactions between PhelO and Vall3 of peptide 4 and the
chloro-biphenyl group of compound (R)-5 extending hydrophobic
contactswith the alkyl parts of the side chains of E311, R288, N265, T242
and D244. The 3D structure of apo SHOC2 does not exhibit conventional
buried cavities that could host a small molecule. Although relatively
large pockets canbe found at the SHOC2-PP1CA and SHOC2-MRAS in-
teractioninterfaces', the surface of apo SHOC2 s rather flat. However,
thereis ahydrophobic patch onthe concave side of SHOC2, at the PPI
with RAS. This patch has a limited buried surface of 236 A% an average
hydrophobicity of 34% and an overall ligandability estimated to be mod-
erate?” (PDB code: 7YTG). The main hydrophobic residues of the pocket
aretheside chains of Met219 and Thr242 and the alkyl chains of Asn265,
Arg288, Glu311 and Asn313; and the backbone of residues Leu220,
Leu243,Leu266, Leu289, Gly290 and Leu312. Polar residues lining the
pocket are the side-chain terminal groups of Ser221, Arg223, Asp244,
Asp267,GIn269, Arg288, Arg292, Glu311and Asp313. Key residues shap-
ing thebindingsite are long and flexible side chains that are free to move
(three Arg and one Glu). Seven charged amino acids are defining the
electrostatics and polarity of the binding site. Altogether, the limited
‘buriedness’ and hydrophobicity of this binding site, combined with the
flexibility of the key amino acid side chains forming it, and the numer-
ous formal charges in this pocket, make it particularly challenging for
the development of potent low-molecular-weight binders. No other
ligandable cavity can be characterized in the existing crystal struc-
tures of SHOC2, making it an arduous target for the development of
inhibitors.

Statistics and reproducibility. All experiments were repeated three
or more timesindependently, unless otherwise specified in the figure
legends, with similar results.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Identification of RAS G12C/D, Q61R dependencies.
a, Immunoblot analysis of engineered isogenic Ba/F3 models. Image
representative of twoindependentimmunoblots. b, Scatter plot representing
hits from differential representation analysis between screensinindividual
Ba/F3 celllines and plasmid DNA library. X-axis represents scoring while y-axis
representsstatistics (see CRISPR screen analysis in Methods). Non-significant

genes (Abs Q <2and RSA >-2) are depicted as density plot to avoid overplotting.
c,Dot-plot representing screening results of selected hits for the labelled
subgroups. Colors represent Qscoring and dot sizes represent statistical
significance (RSA).d, Immunoblot analysis and relative quantifications of
Ba/F3isogenic models subjected to treatment withindicated inhibitors.

Image representative of twoindependentimmunoblots.
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Extended DataFig.2|SHOC2genetic validationin RAS®" melanoma
models. a, Images of colony formation assays (representative of three
independent experiments) quantified in Fig. 1c portraying multiple cell models
transduced with dox-inducible shRNAs under DMSO (-) or dox (+) growing
conditions.b, ¢, Lysates from UACC257 (b) and Calué (c) cell models transduced
withtheindicated dox-inducible shRNAs treated with DMSO (-) or dox (+) were
immunoblotted with the indicated antibodies. A representative image of two
independent experimentsis shown.d, IPC298 xenografts growth with or
withoutdoxinduction ofindicated shRNAs. Dox treatment was performed
when tumors reached the size of approximately 200 mm?® asindicated by the

dottedlines (mean+s.e.m.,n =8-10 mice per group asindicated in the figure).
Significanceis determined using a two-way ANOVA with Tukey’s multiple
comparison test (ns=notsignificant, *p < 0.05; ***p < 0.0001). e, RT-qPCR
mRNA analysis of MUGMEL2 tumors (at endpoint) for the indicated genes
(shNT=non-targeting shRNA; veh = vehicle treated; DOX = doxycycline treated;
mean ts.d.,n =6 mice per group. Significanceis determined using a two tailed
unpaired t-test (***p=0.0006, ****p < 0.0001). f, Gene set enrichment in knock-
downresponses quantified with RNA-seq. Displayed are normalized enrichment
scores computed with R fgseaand FDR adjusted p-values.
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Extended DataFig.3|Pharmacological disruption ofthe SHOC2-RAS%"
complex. a, Sedimentation velocity profiles expressed as ¢/sdistribution
plots; SHOC2 (light blue) and KRAS (grey) alone display lower sedimentation
coefficients (S). When KRAS?® [oaded with GTP is mixed with SHOC2 a species
with larger Svalueis obtained (orange) indicating abinary complex. b, The
interactionsurface between NRAS?®™® (orange cartoon-surface) and a portion
ofthe concave surface of SHOC2 (green cartoon) is highly coincident with
thesoleligandable region of the SHOC2 surface (pink surface).c, HMQC 2D
NMR spectra of *C methyl methionine labelled SHOC2(80-582) at 35 uM with

increasing concentrations of compound 1; chemical shift perturbations
observed at M173 and M219.d, Determination of dissociation constant (K,)

for binding of compound 1to SHOC2(80-582) from observed differencesin
chemical shifts. e, Surface representation of the Peptide 4/SHOC2 interaction.
Peptide 4 adopts aconformation thatis stabilized by intraand intermolecular
hydrogen bonds and leverages hydrophobic and charged residues onthe
SHOC2ssurface.f, Peptide 4 produces akey interaction by coordinating the
asparticacid carboxylicacidto SHOC2R177, aninteraction leveraged by
compound (R)-5.



Melt Peak

- }
0 +
Compound 5
E
g
2
& -50 +
4
SHOC2 construct Tm
-100 + His-Shoc2(FL)-G290A — PPB-58183 54.5°C
His-Shoc2[FL] - 2022/121 55°C
i J
- - t t t t t t
20 30 40 50 60 70 80 920
C Temperature, Celsius
SHOC2 (FL) G290A + NRAS (Q61R)
KD 81nM
d SHOC2 G290A SHOC2 WT
120+ 1201
~¥ Compound 6
- 100 3
> 100 -+ Compound 7
S 804 S 804 -+ SHOC2 (80-582)
s s
o
< 60+ Compound 6 & 60 €
® =
= 404 Compound 7 44 ] SHOC2-NRAS(Q61K)
20 SHOC?2 (80-582) 20 4x105= NanoBiT
- -
8 o
0 T E— 1 0 T £, 3x10°
-4 -2 0 2 4 -4 -2 0 2 4 R
o3
log [cpd]uM log [epd]uM £ 8 2¢1054
£
H 2 S
IC50 in WT 1C50 in G290A < 4xt0s
Compund 6 0.090 uM /0.098 pM >30 uM />30 uM
o =
Compound 7 9.6 uM /9.2 uM >300 pM / >300 pM
SmBiT-NRAS[Q61K] + + + -
Untagged SHOC2 (80-582) 0.12 uM 0.25 uM 3 [Q61K]
[gBIT-SHOC2WT] __ + | - | - | -
LgBiT-SHOC2[G290A] - | + | - | -
150 SHOC2-NRAS(Q61K) NanoBiT 170 SHOCZNRAS(QG1K) NanoBiT l-- e g |
3 % . . 5 150 : RAS | e
P \—_ ° g : . ’ . S
ot . SE . .
£ 5100 €5 —
go Boroof — ¢ GAPDH |
a2 O @ O * . ——
20 2o " )
£= £3
£0 50 €0
S = 5w 50
Jo — SHOC2WT - 3% — SHOC2WT
° °
s —— SHOC2 G290A . s —— SHOC2 G290A
0+ T T 1 0t T T 1
0.01 0.1 1 10 0.01 0.1 1 10
Compound 6 (uM) Compound 7 (uM)
g h S
compound 6 compound 7 -o T 9 e o &
2{ 3agenes T1genes nes I M -log10(pad) @ @ @
15
g
10 E
ousrs g0 oue g SOUMSv) SLLZT 100uM 4hr 100uM 24hr
° [ -g‘ - Tofa 5\9;:;1;“?3\'/9-:;"\“2 Tofa Signaling Via Nk | @) Tnfa Signaling Via N E2f Targets
22 —_— - Kras Signaling Up ks signaingUp | @) Kras Signaling Up G";?:g:f::;“"“‘
68 genes 38 genes 1gene e ”W":/‘ﬂ £2f Targets () Mye Targets V2 [ Myc Targets V2
- lyc Targets V1 Myc Targets V1 Kras Signaling Up
g Inflammatory Response Inflrimalory Responss [ 4 Mtorct Signaling [ ] Tnfa Signaling Via Nfkb
g" - ¥ 12 see igﬁf;gi Hypora | @ 112 Stats Signaling Miorct Ssnahng
E] .. E poxia
. z s ¥ A Mtorc1 Signaling 12 Stat5 Signaling [ ] Apoptosis [ 4 Unfolded Protein Resr)onse o
gg B Dl | et St Estrogen Response Late G2m Checkpoint [ ] Hypoxia [ ] 112 Stat5 Signaling [ ]
% g = Epithelial Meser)\:ﬂhyr:\:’i ::n;::::: 4 TafBota Soniing pu Inflammatory Response [ ] Androgen Response °
€3 genes,, 148 genes || 1gene 2genes ograft Rej Complement [ @ Inflammatory Response °
2 . Complement Epithelial Mesenchymal Transition |~ @ B Complement °
e g 3 Glycolysis [ ) ke Secrstion Dna Repair )
—? 10 g Androgen Response [ Wnt Beta Catenin Signaling ¢ G2m Checkpoint [ Epithelial Mesenchymal Transition °
z Uv Response Up [ ] Complement . Androgen Response [ ) Apoptosis .
5 Tof Beta Signaling [ My Targets V1 ° Tgf Beta Signaling [ ) Estrogen Response Late .
o - c . 5039"':"‘7‘" ° Piak Akt Mtor Signaling ) Adipogenesis .
. soeen ;ZDBMSS;";; ; y Estrogen Response Late . N i -4 Interferon Gamma Response .
e Uv Re D
i brnsocsion | ® iereron Gamma Rosponse | @ WResponsetp | ® CrostotHameonirs | ®
= P53 Pathway [ Estrogen Response Early . Estrogen Response Late [ ) 116 Jak Stat3 Signaling .
io ; Unfolded Protein Tjsponse : Gyoolysis . Allograft Rejection ° Fatty Acid Metabolism [
2 A';':“ chah b Estrogen Response Early ° Fetocscme
s 3 G2m éﬁi’:’;‘j ° feme etabetem - Epithelial Mesenchymal Transition . Interfron Alpha Response
-] - _ i Bile Acid Metabol
. Bt | et aTiaT ] Inerron Apna Responss | @ Oxdatie rosptonyaion | @) Inerron Aphaesponse | @ Ordave Preshoryaton
s ] o H

3 3
Compund vs DMSO (log2FC)

Extended DataFig. 4 |See next page for caption.
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Extended DataFig.4|SHOC2 inhibitor specificity.a, SHOC2 interacting
with either NRAS?'® or compound (R)-5, highlighting SHOC2 G290A (yellow
density) clashing with (R)-5, but not with NRAS%'® b, DSF assay showing no
significant differencein T, between SHOC2 WT and SHOC2 G290A.Y and
X-axis show the fluorescence intensity derivative and temperature measured
(°C) respectively. ¢, SHOC2 G290A binds NRAS®™®in vitro, measured by SPR.
d,SHOC2 G290A is insensitive to compound 6 mediated RAS®'*-displacement
invitro, measured by TR-FRET. Comparison with SHOC2 WTis shown.
Compound7isinactiveon SHOC2 G290A and ~100-fold less active on SHOC2
WT. Assay sensitivity demonstrated with untagged SHOC2, resulting in PP1
disruption with similar IC50 inboth SHOC2 WT and G290A conditions (n =2
technical replicates). Bottom, table summarizing IC50 values (for compound 6
and 7,1C50 values for 2independent experiments. Theimagesin (b, ¢, d) are
representative of twoindependent experiments. e, (bottom) Immunoblot
showinglevels ofindicated transfected proteinsin HEK293 cells. Image

representative of n=3independent experiments. (top) Results of SHOC2-
NRAS®'*NanoBiT assay under the conditions described in the table below it.
Nosignificant difference observed in NRAS®*-SHOC2%%% vs, NRAS K-
SHOC2" interactions (n =4 independent experiment). f, In the same NanoBit
assay, SHOC2 G290A is insensitive to compound 6 mediated RAS?'*-
displacement vs. SHOC2 WT (top), while Compound 7 isinactive on both
proteins (bottom) (n =2 biologically independent samples). g, Volcano plot
illustrating differential gene expressionin RNA-seq analysis of MELJUSO
treated withcompound 6 or 7 at the indicated conditions. Red quadrants
illustrate significantly upregulated genes while blue quadrants significantly
downregulated genes. P-values were computed with edgeR QLF test, and
significance wassetatan FDR adjusted p-value < 0.01.h, Gene set enrichment
analysis of differential gene expression between compound 6 and DMSO
computed withRfgsea. Displayed are normalized enrichmentscoresand FDR
adjusted p-values.
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Extended DataFig.5|SHOC2inhibitor cellular effects. a, b, Immunoblot
analysis of total cell lysates (TCL) and RAF-RBD pull-down of MELJUSO (a)
and A375 (b) cells after compound 6 treatment (+) or DMSO (-) atindicated
conditions.Images arerepresentative of two independent experiments.

¢, Immunoblot analysis of cell lines subjected to treatment with indicated
inhibitors (4 h,30 uM). d, Immunoblot analysis of SHOC2 shRNA-expressing

celllines treated with DMSO (=) or doxycycline (+) to regulate SHOC2
expression.Imagesin (c,d) arerepresentative of two independent
immunoblots. e, Differencesis 3D cell growth between a panel of RAS
mutant (top) and RASWT cell lines (bottom) treated bi-weekly with DMSO or
compound 6 over the indicated time period (mean +s.d.fromn = 6 technical
replicates. Graphrepresentative of n =2 independent experiments).



Extended Data Table 1| SPR-derived affinity of SHOC2-RAS binary interactions

RAS partner GMPPNP GDP GTP
KRAS 18.7+£3.7 >25* n.d.
KRAS G12C >25% >25% n.d.
KRAS G12D >25* >25* n.d.
KRAS Q61R 122+3.6 n.d. 26+0.2
KRAS Q61L 7601 n.d. n.d.
NRAS 16.4+£3.3 >25* n.d.
NRAS G12D 23.3+52 >25% n.d.
NRAS Q61R 11+£25 n.d. 3.3+0.2

Binary affinity between various immobilized RAS constructs and SHOC2 (aa80-582). Means+SD of n=3 (GMPPNP) and n = 2 (GDP, GTP) measurements are shown. *Weak binding, KD ill defined,
at least one value with low binding efficiency (15-50%).
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Extended Data Table 2 | Data collection and refinement statistics (molecular replacement) for structures 9BTM, 9BTN, and

Q0oV)

Structure NRas 1-169 Q61R in Structure of human SHOC2 Structure of human
Complex with Shoc2 80- | in complex with a cyclic SHOC2 in complex
582 peptide with a small molecule

inhibitor (R)-5

PDB 9BTM 9BTN 90VJ

Data Collection

Space group P212121 P212121 P212121

Cell dimensions

a,b,c (A) 78.989.3 119.8 38.8 69.6 200.3 37.870.1 199.0

a, B, y(°) 90 90 90 90 90 90 90 90 90

Resolution (A)

71.6-2.7 (2.741-2.732)

100.2-2.0 (2.046-2.039)

66.2-2.7 (2.685-2.676)

Rsym or Rmerge

0.160 (3.086)

0.149 (1.875)

0.223 (1.528)

llo

13.2 (0.7)

14.4 (2.0)

9.4 (2.0)

Completeness
(%)

100.0 (100.0)

100.0 (100.0)

100.0 (100.0)

Outliers (%)

Redundancy 15.0 (6.9) 12.9 (13.2) 9.7 (10.3)
Refinement

Resolution (A) 59.88-2.73 34.78-2.04 40.58-2.68
No. reflections 22829 35562 15729
Rwork / Riree 0.2070/0.2516 0.2035/0.2521 0.1942/0.2753
No. atoms 5252 4401 4033
Protein 5210 3912 3916
Ligand/ion 33 141 57

Water 9 348 60
B-factors 85.08 27.63 40.01
Protein 85.22 26.70 40.03
Ligand/ion 69.79 27.20 39.44
Water 60.71 38.27 38.72
R.m.s deviations

Bond lengths 0.003 0.002 0.009
Bond angles (°) 0.58 0.494 1.04
Ramachandran 93.44 94.33 89.70
Favored Regions

(%)

Additional 5.95 5.67 10.30
Allowed Regions

(%)

Ramachandan 0.66 0.00 0.00
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Data collection  Standard software from manufacturers (lllumina Inc., lllumina NovaSeq control software Version 1.8.1 ) for NGS-based data collection has
been used. Additionally basecalling was performing with RTA v3.4.4. Post-run processing was performed with BCL2FASTQ v2.20.0.422. Run QC
was performed with FASTQC v0.11.9.

Data analysis Statistics were calculated by Microsoft Excel 2016, GraphPad Prism (v. 9) and standard Bioconductor (v. 3.16) R packages.
For NGS data analysis, open source code have been used and listed in the material and methods. No proprietary code/softwares have been
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Structures have been deposited in the Protein Data Bank with accession codes 9BTM, 9BTN, and 90VJ.

Source data are provided with this paper.

RNA sequencing data have been deposited on SRA with BioProject ID PRINA1010709.

CCDC-2353396 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures

RNA-seq analyses and plots can be reproduced from the methods. Code is available upon request from the authors.
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Life sciences study design
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Sample size Sample sizes for individual experiments were determined with standard practices in the respective techniques. The number of independent

experiments for each type of experiment is noted in the manuscript. Crystallographic data was determined from single crystals for each
respective structure. No statistical test was performed to predetermine sample size.

Data exclusions  No data were excluded.

Replication All experiments were repeated three or more times independently, unless otherwise specified in the figure legends. All attempts at replication
were successful

Randomization  Tumor-bearing mice were randomized between vehicle and treatment groups with an INDIGO software. For in vitro studies, samples were
randomized, when possible, prior data acquisition.

Blinding Data processing was blinded by assigning a unique ID number to the samples. Data was collected blindly, and subsequently grouped in the

corresponding cohorts for statistical analysis. For analyzing contrasts the investigator was informed about the nature of the sample to enable
the analysis.
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Plants
Antibodies

Antibodies used All antibodies were commercially sourced and used according to manufacturer instructions. NRAS antibody was purchased from
Calbiochem (Ref. OP25). SHOC2 (Ref. 53600), Phospho-c-Raf Ser259 (Ref. 9421), GFP (Ref. 2956), phospho-p44/42 MAPK (Erk1/2)
Thr202/Tyr204 (Ref. 4370), phospho-MEK1/2 Ser217/221 (Ref. 9154), phospho-Akt Thr308 (Ref. 9275), phospho-Akt Ser473 (Ref.
9271), phospho-S6 Ribosomal Protein Ser235/236 (Ref. 2211), phospho-S6 Ribosomal Protein Ser240/244 (Ref. 2215), phospho-IGF-|
ReceptorP Tyr1131 (Ref. 3021), IGF-I Receptor B (Ref. 9750), Cas9 HRP conjugate (Ref. 97982), mouse IgG HRP-linked (Ref. 7076),
rabbit IgG HRP-linked (Ref. 7074) antibodies were purchased from Cell Signaling Technology. FLAG HRP conjugate (Ref. A8592),
Vinculin (Ref. V9131), a-Tubulin (T6199) antibodies were purchased from Sigma-Aldrich.

Validation SHOC2, NRAS, RAS antibodies were in-house validated by RNAi experiments against their respective human proteins (western blot

upon shRNA knockdown). All antibodies were validated by the manufacturers in human samples (information available on their
websites). Antibodies with as many trusted citations as possible were used. All antibodies functioned as expected for their respective
assays.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Murine Ba/F3 cell line was obtained from the Dana-Farber Cancer Institute (original commercial source: ATCC). MELJUSO,
IPC298, SKMEL30 cell lines were obtained from DMSZ. VMM39, HT-1080, Hep G2 and Calu-6 were obtained from ATCC.
MMA48S5 cell line was obtained from The Cell Bank Australia. 293FT was obtained from Invitrogen.

Authentication Cell line identity was confirmed by regular SNP array genotyping

Mycoplasma contamination Cell lines were regularly tested for mycoplasma contamination and cell lines were confirmed to be negative before using for
experiments

Commonly misidentified lines  No commonly misidentified cell lines were used
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Details on the mice used in this study have been included in the Methods section of this manuscript. 6-7-week-old athymic nude
Crl:NU{NCr)-Foxn1nu mice (MUGMEL2 study) and SCID-BEIGE C.B-Igh-1b/IcrTac-Prkdcscid mice (IPC298 study) were purchased from
Charles River. All animals had access to food and water ad libitum. They were housed in a specific pathogen-free facility in IVC racks
(NexGen Edge mouse 500, Allentown) with a 12 h light/12 h dark cycle.

Wild animals No field animals were used.

Reporting on sex We used female athymic Crl:NU(NCr)-Foxn1nu-homozygous nude mice (Charles River; MugMel2_shNT, MugMel2_shNRAS,
MugMel2_shSHOC2 6 x 106) or female and male C.B-Igh-1b/IcrTac-Prkdcscid mice (Taconic; IPC298_shNT, IPC298 shNRAS,
IPC298_shSHOC2 #169009, IPC298_shSHOC2 #169012 10 x 106).

Field-collected samples  This study did not involve samples taken from the field.
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Ethics oversight Xenograft studies were performed at Novartis and strictly adhered to Novartis BioMedical Research Animal Care and Use Committee
protocols and regulations. Studies were approved by the Cantonal Veterinary Office of Basel Stadt, Switzerland, and in strict




adherence to the Swiss Federal Animal Welfare Act and Ordinance.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was upplied. o ) )
Authentication Describe-any-authentication procedures for-each seed stock tised-or novel genotype generated.-Describe-anyexperiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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