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Silent mutations reveal therapeutic
vulnerability in RAS Q61 cancers
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RAS family members are the most frequently mutated oncogenes in human cancers.
Although KRAS(G12C)-specific inhibitors show clinical activity in patients with
cancer'?, there are no direct inhibitors of NRAS, HRAS or non-G12C KRAS variants.
Here we uncover the requirement of the silent KRAS®°°° mutation for cells to produce
afunctional KRAS(Q61K). In the absence of this G60G mutation in KRASCIEGIptio
splice donor site is formed, promoting alternative splicing and premature protein
(Effifation. A G60G silent mutation eliminates the splice donor site, yielding a
functional KRAS(Q61K) variant. We detected a concordance of KRAS?* and a
G60G/A59A silent mutation in three independent pan-cancer cohorts. The region
around RAS Q61 is enriched in exonic splicing enhancer (ESE) motifsand we designed
mutant-specific oligonucleotides to interfere with ESE-mediated splicing, rendering
the RAS(Q61) protein non-functional in amutant-selective manner. The induction of

aberrant splicing by antisense oligonucleotides demonstrated therapeutic effects
invitro and invivo. By studying the splicing necessary for a functional KRAS(Q61K),
we uncover a mutant-selective treatment strategy for RAS? cancer and expose a
mutant-specific vulnerability, which could potentially be exploited for therapy in
other genetic contexts.

The effects of non-synonymous mutations—which alter the amino
acid sequence of a protein—have been extensively investigated for
their potential to disrupt normal human biology, causing cancer, and
have been successfully targeted with specific drugs*°. By contrast,
the clinical significance of synonymous (silent) mutations remains
unknown, despite evidence that silent mutations affect splicing, RNA
stability, RNA folding, translation or co-translational protein folding™.
Ingeneral, the role of synonymous mutations in cancer aetiology has
not been systematically studied, and thus silent mutations are for the
most part disregarded as noise in clinical mutational analyses.

Mutationsinthe RAS family genes are found in up to 20% of cancers:
KRASin non-small cell lung cancer (NSCLC), colorectal cancer and pan-
creatic cancer; NRAS in melanoma, colon cancer and leukaemia; and
HRAS inbladder, breast and thyroid cancers’. Activated RAS proteins
stimulate the downstream mitogen-activated protein kinase (MAPK)
pathway, including MEK and ERK. Somatic mutations in RAS increase
GTP-bound RAS, aberrantly activating MAPK signalling.

The development of targeted therapies for RAS-mutant cancers
has been complex. MEK inhibitors combined with chemotherapy in
KRAS-mutant NSCLC have limited efficacy'. Combined use of a MEK
inhibitor with receptor tyrosine kinase (RTK) inhibitors to prevent ERK
re-activation has also been proposed but the toxicity and low efficacy
ofthe MEK inhibitor—owing to the lack of mutant selectivity—remains

achallenge™ ™. Allosteric inhibitors targeting SHP2, a non-receptor
protein tyrosine phosphatase that transduces signalling from recep-
tor tyrosine kinases to promote the activation of RAS, are currently
in clinical development™. RAS-targeted therapies involve use of
KRAS(G12C)-specific covalent inhibitors that lock the protein in its
inactive, GDP-bound state’. Clinical trials have demonstrated encour-
aging clinical activity of these compounds in patients with NSCLC**",
Another promising approachis totarget SOSI, akey guanine exchange
factor for KRAS that binds and activates GDP-bound RAS proteins at
their catalytic binding sites and in this way promotes exchange of
GDP for GTP. However, KRAS(Q61) mutants, which lack intrinsic GTP
hydrolysis activity'®”, are not responsive to SOS1 inhibitors, warranting
the development of alternative Q61X-selective therapeutic strategies.

G60G s required for functional KRAS(Q61K)

Acquired somatic mutations in KRAS (G12C, G12D, Q61K and
A146T) and BRAF (V60OE) drive resistance to epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitor osimertinib in
EGFR-mutant lung cancers®'. To model these events in vitro,
we introduced mutations into KRAS or BRAF in the EGFR-mutant
lung cancer cellline PC-9 using CRISPR-Cas9 homology-directed
repair and selected for resistance-imparting clones. Osimertinib
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Fig.1| KRAS?®*impartsresistance to osimertinib only in the presence ofa
concurrent KRAS“*°“silent mutation. a, Colony formation assay for PC-9 cells
oftheindicated genotype following 1 or 3 weeks of treatment with osimertinib.
b, Allele frequencies under osimertinib selection pressure, determined by NGS
(n=1).Asteriskindicates same donor template. ¢, Sequencing chromatograms
of KRAS DNA derived fromsingle clones. d, Cell viability assay for PC-9 cells of
theindicated genotype after 72 h treatment with osimertinib (n = 3 biological
replicates; mean +s.d.; analysis of variance (ANOVA) followed by Dunnett’s
posthoctest). e, Allele frequencies by NGS under osimertinib treatment (n =1).

selectively enriched for cells harbouring different KRAS mutations
or BRAF"°°t (Fig. 1a, Extended Data Fig. 1a). We monitored mutant
allele frequencies over the course of drug selection using tar-
geted next generation sequencing (NGS), and noted that although
the allele frequencies of KRAS G12C, G12D and A146T mutations
increased over time under osimertinib selection, the allele fre-
quency of KRAS?¥ decreased slightly (Fig. 1b). We noted that the
allele frequencies of two other KRAS%X alleles, both containing a
concurrent silent mutation at G60, GQ60GK (c.180 _181delinsCA or
AA), increased sharply in response to drug treatment (Fig. 1b, ¢).
The GQ60GK double mutants emerged from a CRISPR-Cas9 editing
event that used the same donor template designed for the Q61K
(c.181C>A) single mutant and are assumed to be the result of the
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f, Cell viability assay for PC-9 cells with theindicated KRAS genotype after 72 h
treatment (n=3biological replicates; mean+s.d.).g, Western blot analyses
following osimertinib treatment of PC-9 cells with the indicated KRAS
genotype. pEGFR, phosphorylated EGFR; pERK, phosphorylated ERK; tERK,
total ERK; cI PARP, cleaved PARP. h, RAS-GTP assay in KRAS-expressing PC-9
cells after 24 h treatment with or without 1 pM osimertinib. m, mutant allele.

i, Growth of siRNA-resensitized PC-9 cells following knockdown of KRAS or
BRAF geneswith osimertinib treatment (n =3 biological replicates; mean+s.d.;
Student’s t-test). *P < 0.05, **P < 0.01. NS, not significant.

error-prone non-homologous end joining repair. When tested for
osimertinib sensitivity, single-cell clones of PC-9 cells harbouring
KRAS® X without this silent mutation did not impart resistance,
and exhibited growth inhibition similar to that of parental cells.
Thiswasinstark contrast tothe KRAS G12C, G12D, A146T and BRAF
V60O0E clones, which were largely unaffected by 1 pM osimertinib
treatment (Fig. 1d). Considering the 3 possible G60 mutant variants
(c.180T>A, C, or G), we edited PC-9 cells using donor templates for
KRASC0¢K (¢.180 181delinsGA), KRAS?°C alone (c.180T>A, C, or
G) and another non-synonymous mutation at codon 61, KRAS?™,
Following osimertinib treatment, the allele frequencies of GQ60GK
(c.180_181delinsGA) and Q61H increased, but allele frequencies
of G60G silent mutations alone remained unchanged (Fig. 1e).
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Fig.2| KRAS?® co-occurs with the G60G silent mutationin three
independent pan-cancer cohorts. a, Non-synonymous and silent mutations
inKRAS, NRAS and HRAS genes obtained from the TCGA pan-cancer cohort. Pie
chartsinclude all non-synonymous and silent mutationsin each gene.
Non-synonymous mutations at Q61 and all silent mutations are showninbar
charts. The frequency of co-occurrence of activating non-synonymous Q61X
and the G60G silent mutation was evaluated by Fisher’s exact test. Background
activating mutations that coexist with silent mutations areshown separately in
Supplementary Table1.b, Correlation between allele frequencies of KRAS Q61K
and G60Gin Dana-Farber Cancer Institute cohort evaluated by targeted NGS.

Heterozygous KRAS GQ60GK or Q61H mutations alone were suf-
ficient to cause resistance to osimertinib in the PC-9 models (Fig. 1f,
Extended Data Fig. 1b).

To examine the gain-of-function effect of the KRAS GQ60GK muta-
tion, we evaluated its protein product and effect on downstream
signalling. Following osimertinib treatment, persistent ERK1/2 acti-
vation was present in PC-9 cells expressing KRAS“®°“ but not in cells
expressing KRAS®* alone (Fig. 1g), confirming the uncoupling of EGFR
inhibition from that of ERK1/2 in the double mutant only. In addition,
KRAS®®°® mutant cells exhibited robust RAS-GTP levels similar to
those of KRAS?” cells at baseline, which were minimally affected by
osimertinib (Fig. 1h). By contrast, RAS-GTP concentration decreasedin
osimertinib-treated KRAS?¥ single-mutant and KRAS wild-type paren-
tal PC-9 cells. Reciprocally, short interfering RNA (siRNA)-mediated

Allele frequency of Q61K (%)

Pearson’s correlation coefficientis shown. ¢, Venn diagram showing the
distribution of KRAS Q61K, G60G and Q61H mutationsinthe Guardant Health
cohort, detected by targeted NGS using cell-free DNA. The co-occurrence of
activating non-synonymous and G60G silent mutations was evaluated by
Fisher’s exact test. Asterisk indicates three caseswithA59A.d, Allele
frequencies evaluated by NGS in PC-9 models undergoing osimertinib
treatment. e, The correlationbetween allele frequencies of KRAS Q61K and
G60G/A59Ainthe Guardant Health cohort. Pearson’s correlation coefficientis
shown.

knockdown of KRAS or BRAF resensitized resistant PC-9 models to
osimertinib, corroborating causality between KRAS or BRAF mutations
and osimertinib resistance (Fig.1i, Extended DataFig. 1c). Collectively,
our findings demonstrate arequirement of asilent mutation in KRAS®¢
for the biological function of KRAS(Q61K).

Concordance of KRAS G60G and Q61K

To establish the clinical significance of our finding, we surveyed The
Cancer Genome Atlas (TCGA) data on mutants in KRAS and other
RAS family members for the frequency of silent co-mutations.
Q61 was the most frequently mutated codon in NRAS and HRAS,
and the third most common mutation in KRAS (Fig. 2a, Supple-
mentary Table 1). Silent mutations were found in 2-4% of all RAS

Nature | www.nature.com | 3



Article

a GQB0GK G60G Q61H
Loy
e E g2 g )
x I * 3 = £ £ . o
£ 5 6 kB < % 9 efEy . 2
28 8 % ¢ 2 LEQ® o ot
p M & & & T & 8 8 LdPLSe E E G
1,000
900
800 4A (full length)
700 4B (skipping exon 5)
600 4A without whole exon 3
4B without 112 bp of exon 3
500 4B without whole exon 3
b KRAS isoforms Protein Cc Exon 3
Xon
AT HE] -6 Jisvaa ceons T ovoma
3 4B (2] [T6 1188aa aa3? aad0 Stop
o
§' Inclusion of intron 2 43 aa W
2] (16 ]752a
wed [T1-] ][ Jaoaa  1120poiexons
° - Exon 3 | Exon 4
§| 48-11200 (CHEE), -0—(6 7s.a a9
P b
4B-ex3  [1 2] 4] 16 l40aa ‘
179 bp122bp179 bp160 bp124 bp 4,666 bp TN
t [ Coding sequence
aal2 aab1 aal46
d e
Q61K GQ60GK
Conserved motif of U . -
splicing donor site 1uMosimertinib (h) 0 1 4 2448 0 1 4 2448 kpa
c GﬁA KRAS-N (all K/IN/HRAS) [ o e o e o i i e e | 2
Wild type c A GGTCAA 81 KRAS-C (KRAS 4B) [ ————T
Q61K c.181C>A CAGGTAAA 86 Actin| 50
GQB0GK c.180_181delinsAA  CAGGAAAA B B-Actin| ]
GQ60GK c.180_181delinsCA CAGGCAAA *
GQB0GK ¢.180_181delinsGA CAGGGAAA 65 f KRAS NRAS HRAS
el SASSACAR L wawe e wa
c. >
L56 Q61A66 Q61 Q61
KRAS | Ge0G c.180T>G CAGGGCAA 65 %1001 e s e g s
QB1H ¢.183A>C CAGGTCAC e === = =
Q61L c.182A>T CAGGTCTA 72 I = = = ==
Q61R c.182A>G CAGGTCGA 73 " 0 = = = < =
Q61fs ¢.182_183del CAGGTC|GA 73 g e o e e =
Q61fs c.181_182insT CAGGTCITA 72 %100 -
Q61fs c.182_183insAAAA CAGGTC A|A 80
Q61fs c.181del CAGG T‘A AG 98 GQGOggdelmsAA Q61 KQG
A59A ¢.177A>C + Q61K CCGGTAAA 81 C100 e
A59A c.177A>G + Q61K CGGGTAAA 81 g - - =
A59A c.177A>C CCGGTCAA 76 £ |[Fo== = ===
A59A c.177A>G CGGGTCAA 76 woo = = =
Wild type CTGGACAA . §  [EEEE S RS
NRAS‘QG1KC.181C>A CTGGAAAA * 5100 = o =
GQ60GK to induce AS CTGGTAAA 81 @
Wild type CCGGCCAG B del ¢.182_183 Splicing enhancer  Splicing silencer
HRAS ‘QS1K C.181C>A CCGGCAAG 66  £400 A matrices matrices
GQ60GK to induce AS CCGGTAAG 93 = deEaaaa SF2/ASF motif ™ ESS motif 1
eNRe2sNg £ == = = = SRp40 motif I ESS motif 2
el e oo m SC35 motif M ESS motif 3
= SRp55 motif
KRAS original splice donor site TAGGTGGG 89 § = = == = SApS5 mot = Fas ESS
NRAS  original splice donor site CAGGTACT 7 5400 STl ESE hexamers = PESS octamers
HRAS original splice donor site CAGGTGAA 85 @ M PESE octamers
— ™ <0 Consensus
+++++ value of
PDI2333S splice site
aNNNNNNN

c
C.
c

Fig.3|Silent mutationin KRAS®*°Cis necessary for correct splicing of
KRAS?™¥ a, KRAS-specific PCR amplicons of cDNA, generated from
CRISPR-Cas9-modified PC-9 clones. M, 100-bp marker; fs, frameshift; wt, wild
type. Asteriskindicates clones growing under osimertinib selection pressure.
b, Schemas of different KRASisoforms shownina. aa,amino acid. ¢, Sequencing
chromatograms of KRAS cDNA derived fromisoforms thatlack 112 bp of exon 3
ortheentireexon 3, whichresultinasubsequent frameshift and an early stop
codon.d, Comparison of the conserved motif of splicing donor site and the DNA
sequence of KRAS, NRAS and HRAS around Q61. Nucleotides at c.180 and c.181
that serve as putative crypticsplicedonorsites are shaded in blue. Nucleotide
changes, including deletions, are shown as red vertical bars. Consensus values

family-mutant cancers: 18 cases with mutations in KRAS, 10 with
mutationsin NRAS, and 7 with mutations in HRAS. Notably, however,
all 7 cancers with KRAS?* also contained KRAS“®°° (c.180T>A, C, or G)
silent mutations. This co-occurrence was unique to KRAS?* among
KRAS mutations and G60G was only found once among 81 NRAS- or
HRAS®™ -mutant cancers (Fig. 2a). To expand on this finding, we
examined a pan-cancer cohort (n = 25,252) sequenced by targeted
NGS at the Dana-Farber Cancer Institute and identified 23 cases with
KRAS%¥, all of which contained a silent mutation at G60G (Fig. 2b).
Ofnote, there was a high degree of concordance between the allele
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of splice site were estimated by Human Splicing Finder. KRAS mutants with
crypticsplice donor sites and their consensus values are showninblue.

AS, alternative splicing; asterisk indicates notreported. e, Western blot analysis
in KRAS-expressing PC-9 models with antibodies targeting N-terminal or
C-terminal epitopes of KRAS. f, ESEand ESSaround KRAS, NRAS and HRAS Q61
weresimulated using the Human Splicing Finder. Threshold valuesindicate the
strength of each motif. Matrices for SR proteins including SF2/ASF, SRp40, SC35
and SRp55 were obtained from the ESE Finder tool. The RESCUE-ESE hexamers
and the putative ESE (PESE) octamer are also shown. The relative strength of ESE
and ESSoctamersis denoted by a curved yellow line.

frequency of the mutations in KRAS?™ and KRAS®®°° (Fig. 2b, Sup-
plementary Table 2).

Given the widespread use of liquid biopsies using plasma to detect
genomic drivers and mechanisms of resistance in circulating tumour
DNA and for monitoring the effect of treatment®>?, we studied KRAS
Q61K, G60G and Q61H cancersin the Guardant Health clinical cohort,
analysed by targeted NGS (Guardant360). The co-occurrence of the
KRAS®°C silent mutations was significantly higher in KRAS?** than in
KRAS®™ cancers (Fig. 2c). Of the 54 cancers with KRAS?, 50 (93%)
had KRAS®°®silent mutations, compared with 2 out 0f 1,148 (0.17%) of
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KRAS®™ cancers (P < 0.0001). Of note, both KRAS®™ cancers harbour-
ing a KRAS®“silent mutation also contained a concomitant KRAS?¥
mutation (Fig. 2c). Inthis cohort, three of the four KRAS?® cancers that
did not have a KRAS“*°° mutation contained a different silent mutation,
KRAS™™ (c.177A>A or G). Interrogating the functional significance of
this mutation using the osimertinib selection assay of CRISPR-modified
PC-9, we noted that the allele frequency of A59A alone did notincrease
under drugselection (Fig.2d). However, in cells with asilent mutation
inA59Ain ciswith Q61K, the allelic fractionincrease mirrored that seen
with GQ60GK (Figs. 1e, 2d). Data on allele frequencies of KRAS G60G
and A59A were obtained in 45 cases with KRAS®™; in the 45 cases, the
allele frequencies of KRAS%™ correlated with KRAS G60G or A59A silent
mutations (Fig. 2e). In the remaining 9 cases without available allele
frequencies, the silent mutationin G60G and A59A was confirmed to
beinciswith Q61K by manual review for analytic accuracy. Four cases
had only KRAS®C silent mutations without KRAS® (Supplementary
Table 3).

KRAS®°°¢ prevents aberrant Q61K splicing

To investigate the mechanism defining the reliance of functional
KRAS®¥ on silent mutations in KRAS®°C, we amplified the cDNA of
KRAS from CRISPR-modified PC-9 clones emerging in our screen, fol-
lowing osimertinib or control treatment (Fig. 3a). In addition to the
two previously documented isoforms? 4A (full-length KRAS) and 4B
(lacking exon 5) observed in parental PC-9 cells and clones expressing
KRAS G12C, G12D, A146T, G60G and Q61H mutations, we identified
two transcriptisoformsin clones harbouring KRAS GQ60GK or Q61K.
These isoforms are characterized by the absence of 112 bp in exon 3,
or skipping of the entire exon 3 (Fig. 3a—c). Critically, neither isoform
is expected to be translated to a functional KRAS(Q61K) owing to a
frameshift introducing an early stop codon.

The sequence of wild-type KRAS around Q61 shows a high consen-
sus with the conserved motif of a splice donor site??, deviating only
at c.181 (Fig. 3d). The mutation resulting in KRAS(Q61K) (c.181C>A)
simultaneously introduces a putative cryptic splice donor site at
that location, with a consensus value (86) that is equivalent to the
canonical splice donor site between exon 3 and intron 3 (89), and
thus could result in an aberrant splicing event producing either no
protein or the non-functional Q61K variant observed in our screen.
To test this hypothesis, we analysed the protein products of KRAS®20%K
and KRAS®*by western blotting following an osimertinib challenge,
using antibodies that bind either the N terminus (common to KRAS,
NRAS and HRAS) or the C terminus (unique to KRAS 4B). The antibody
directed against the N terminus detected RAS in both the KRAS?* and
KRASC®%% cells, the C-terminal antibody detected robust expression
of KRAS(GQ60GK) but no (or minimal) expression of KRAS(Q61K)
(Fig. 3e). Collectively, these data indicate that KRAS?* alone cannot
produce full-length KRAS protein that is competent to impart osimer-
tinib resistance (Figs. 1h, 3e).

Another of our CRISPR-edited PC-9 clones contains a heterozygous
deletion of c.181along with Q61H (Fig. 3a). This single-base-pair deletion
similarly introduces a cryptic splice site with a high consensus value
(98), leading us to conclude that aberrant splicing at this site is respon-
sible for deleting 112 bp of exon 3 in thisisoform (Fig. 3a, d), creating a
frameshift. Silent mutations at KRAS G60G (c.180T>A, C or G) disrupt
the cryptic splice donor site introduced by the KRAS?* mutation, as
evidenced by its low consensus value relative to the conserved splice
site (Fig. 3d). Other KRAS®* variants such as Q61H/L/R do not generate
acryptic splice donor site because these mutations occur in ¢.182 or
183 (Fig. 3d). KRAS™ (c.177A>A or G) silent mutations (Fig. 2¢), similar
to KRAS“““silent mutations, decrease the splice site consensus values
in KRAS®™* and thus produce a functional KRAS(Q61K) (Figs. 2d, 3d).
InNRAS or HRAS, c.180 in the wild-type sequenceisanAor C,and con-
sequently NRAS or HRAS Q61K mutations do not introduce a cryptic

splice donor site. These findings are consistent with the clinical data
showing that the G60G silent mutation occurs uniquely in the KRAS%
background (Fig. 2a). We, however, speculate that introducing silent
mutations exogenously into NRAS%™® or HRAS®* would also render
these proteins non-functional—asilent mutationat G60G (A>T or C>T)
in NRAS or HRAS Q61K would create a hypothetical cryptic splice donor
site predicted to induce aberrant splicing (Fig. 3d).

We next examined the mechanism behind complete exon 3 exclusion,
leading to premature termination (Fig. 2a, ¢). Using the Human Splic-
ing Finder prediction software*, we surveyed KRAS exon 3 for putative
ESE and exonic splicing silencer (ESS) motifs and determined that the
regionaround KRAS Q61K is enriched in ESE motifs (Fig. 3f). ESEs serve
as a binding signal for specific serine/arginine-rich (SR) proteins and
other splicing regulators that recruit the splicing machinery to weak
splicesites flanking an exon and enhance exoninclusion. Even asingle
nucleotide change can disrupt or introduce an ESE or ESS signal and
promote aberrant splicing, including one that deletes an entire exon®.
A case in point, a di-nucleotide deletion at KRAS c.182_183 substan-
tially alters the putative ESE motif (Fig. 3f), leading to exon 3 exclusion
(Fig. 3a). The skipping of the entire exon 3 was also observed in other
clones harbouring mutations at KRAS Q61 (Extended Data Fig. 2a, b).
A minority of cancers also have a natural proclivity to splice out the
entire exon 3 atbaseline (Extended DataFig.2c, Supplementary Table 4)
although this occurs at alow (10%) frequency. Of note, ESE motifs are
also found in NRAS? and HRAS?® (Fig. 3f).

Taken together, we uncover a novel mechanism, whereby a silent
mutation in G60G in the KRAS?'X context prevents aberrant splicing
andisabsolutely required to guarantee proper translation of this KRAS
mutant. Our screen further exposes other vulnerabilities associated
with mutationsin the vicinity of KRAS Q61, including fatal alterations
to endogenous ESE motifs, leading to aberrant splicing.

Therapeutic vulnerability of KRAS(GQ60GK)

We next applied the insights gained from studying the different KRAS
mutants that affect splicing into potential therapeutic strategies.
We hypothesized that antisense oligonucleotides designed against
the ESE motifs in pre-mRNA of KRAS, NRAS or HRAS would compete
for binding to these sites with the SR proteins, leading to a delete-
rious exclusion of the whole exon 3 and causing early termination.
Analternative strategy to convert KRAS(GQ60GK) to the non-functional
KRAS(Q61K) is to correct a KRAS®%C silent mutation using CRISPR-Cas9
(Extended DataFig.3a-c). However, although technically achievable,
this approach is unlikely to be clinically feasible in the near term, and
we therefore focused on the antisense-oligonucleotide approach.

We used morpholino and DNA with phosphorothioate (PS) +
2’-0-methoxyethyl (2’MOE) modifications to generate antisense oligos
(Extended Data Fig. 4a). Both types of antisense oligonucleotides are
modified from natural nucleic acids to strongly and specifically bind
to complementary target sites and are more stable in the presence of
nucleases than DNA?, We designed mutant-selective morpholinos for
KRAS, NRAS and HRAS Q61X, as well as control morpholinos with three
mismatches to these sequences, taking into consideration the putative
ESE sites and the potential for the oligonucleotide to self-dimerize
(Extended DataFig.4b, Supplementary Table 5). Morpholino oligonu-
cleotides against HRAS®* were not able to cover ESEs around codon 57
and 58 as the oligonucleotides were predicted to self-dimerize and as
such noteffectively bind this region. The mean differencein predicted
affinity (T,,) between morpholinos against the mutant or wild-type
allele was 4.8 (1.8-9.3) °C (Supplementary Table 6). Morpholinos tar-
geting KRAS®%%° revealed up to a 9.3 °C T, difference relative to the
wild-type counterparts.

Agenome-widescreenrevealed that none of the 9 morpholines exhib-
ited 100% homology against antisense off-target genes. When allow-
ing for up to three mismatches, only mor-6 (three mismatches) had a
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Fig.4|Antisenseoligonucleotide induces aberrant splicing and
therapeuticeffectsinvitroandinvivo. a, Antisense oligonucleotides
hybridize to the ESE motifs inmutantbut notin wild-type pre-mRNA and induce
skipping of exon 3, resulting in premature termination. b, ¢, KRAS-specificPCR
amplicons from cDNA of cells treated with different morpholino (Mor)
concentrations (b) or 10 uM morpholino (c) for 48 h. The exon-skipping
fractionis defined as skipped/(skipped + full-length) transcript (n = 2 biological
replicates; mean +s.e.m.; Student’s t-test). Ctrl, control.d, Transcript
frequencies of mutant versus wild-type in theintact full-length KRAS amplicon
derived from SW948 cells treated withmorpholino (n =1). e, Relative RAS
dependency and sensitivity to antisense oligonucleotides. Gene effect scores
for dependency were obtained from Depmap, where ascore of O is equivalent to
agenethatis notessentialand ascore of -1 corresponds to the median of all

potential off-target homology sequence, but its targets were located
on the sense strand (and thus were unable to bind) or in non-coding
regions (Supplementary Table 7a). Additionally, sequences trimmed
by one nucleotide on both ends were evaluated to simulate binding
of end-degraded morpholinos?. Genes within 3 mismatches showed
amean 10.5 (4.1-15.6) °C difference in the predicted binding affinity
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common essential genes. Cells were treated with siRNAand 10 uM
mutant-selective morpholino for 8 days (n=3-6 biological replicates; mean +
s.d.;Student’s t-test.f, Correlation of growth inhibition by siRNA and
morpholino. Pearson’s correlation coefficientis shown. g, Immunoblots of
extracts from cells treated with10 nM trametinib or 10 pM morpholino for 3
days. h, Luciferase-expressing H650 cells were pre-treated with10 uM
vivo-morpholino (vivoMor) invitro for 1or 2 days before injection into mice;
xenograft tumours were thenscanned twice per week (n=10 per group;
mean £s.e.m.; Student’s t-test and linear mixed growthmodels at day 22).
i,Images of pre-treated H650 xenograft tumours.j, Invivo efficacy of daily
intra-tumoralinjection of morpholino on H650 xenograft tumours (n =10 per
group; meants.e.m.;Student’s t-test and linear mixed growthmodels at day 15).

between on-target and potential off-target sites, and are thus unlikely
toresultin off-target binding (Supplementary Table 7b).

Selective antisense oligonucleotides would be predicted to
induce aberrant splicing only in tumour cells, but not in normal
cells lacking the Q61 mutation, potentially minimizing off-target
toxicity (Fig.4a). Using this approach, we induced exon 3 skipping
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in the KRAS?°) Calué6 lung cancer cell line, in a dose-dependent
manner (Fig. 4b). The control oligonucleotide induced no exon 3
skipping. This observation extended to additional cancer cell lines
harbouring KRAS, NRAS and HRAS Q61X mutations, which exhib-
ited oligonucleotide-mediated mutant-selective exon 3 skipping
(Fig. 4c). To assess the selectivity of the morpholino for the KRAS
mutant over wild-type transcript, we had to determine the identity
ofthe full-length pre-mRNA contributing to the exon 3 spliced mRNA
following morpholino treatment. Since this information cannot
be extracted from the exon 3-skipped cDNA sequence itself—the
Qé61-bearing exon 3 is spliced out—we focused our analysis on the
composition of the full-length KRAS cDNA amplicon instead. We
amplified KRAS cDNA generated from morpholino-treated SW948
cells using PCR, separated it by gel electrophoresis and used NGS
to analyse the remaining full-length transcript to obtain the ratio
of mutant versus wild-type KRAS pre-mRNA targeted by the mor-
pholino. NGS analysis analogous to standard allele-frequency quan-
tification revealed that mor-4 preferentially targeted the mutant
KRAS pre-mRNA and decreased its fractionrelative to the full-length
transcript species in a dose-dependent manner from 44% to 22%,
which directly supports the notion that morpholino treatment
induces mutant-selective splicing (Fig. 4d, Extended Data Fig. 5).
We next evaluated the effect of these oligonucleotides on cell growth.
As not all RAS mutant cell lines depend on RAS signalling for their
growth?®, we assessed RAS dependency of each of the Q61 mutant
celllines using KRAS-, NRAS- or HRAS-specific siRNAs, and compared
our findings to published gene effect scores for dependency by
RNA-mediated interference (RNAi) and CRISPR knockout obtained
from Depmap (Fig. 4e). Cell lines that were dependent on RAS for
their growth as determined by siRNA were also growth-inhibited
following selective morpholino oligonucleotide treatment (Fig. 4e,
Extended Data Fig. 6a). In aggregate, there was a significant con-
cordance between growth inhibition by siRNA and that by mor-
pholino oligonucleotide treatment (Fig. 4f). We also evaluated MEK
inhibitor sensitivity in a panel of these cell lines using trametinib
(Extended Data Fig. 6b). Of note, the KRAS?': H650 lung cell line is
highly resistant to trametinib but sensitive to antisense oligonu-
cleotide (Extended DataFig. 6b, ¢). Resistance to trametinib in H650
is the result of pEGFR reactivation and sustained pAKT signalling,
whereas antisense oligonucleotide treatment inhibited both pERK
and pAKT without this feedback (Fig. 4g, Extended Data Fig. 6d).
We further confirmed that the expression of ERK signature genes?
in KRAS mutant cells was reduced after treatment with antisense
oligonucleotides (Extended Data Fig. 6e). In models not sensitive
tosingle agent morpholino treatment, some were sensitive to EGFR
inhibitor monotherapy or the combination of an EGFR inhibitor
and the morpholino (Extended Data Fig. 6f, g). We next studied
the morpholino treatment strategy in vivo. We initially used mor-
pholino fused with a carrier. However, no exon 3 skipping was seen
in tumours with intravenous administration due to the poor drug
delivery (data not shown). We circumvented the issue by employ-
ingapre-treatment strategy (Extended DataFig. 7a). When piloted
in vitro, morpholino oligonucleotide pre-treatment for 1 to 4 days
followed by wash-out potently inhibited cell growth (Extended
Data Fig. 7b). We subsequently pre-treated H650 lung cancer cells
for one or two days with either the mutant-selective or control
vivo-morpholino before injecting the same number of viable cells
fromeach treatment conditioninvivo. The control vivo-morpholino
treated cells grew at a similar rate to the untreated cells (Fig. 4h, i).
However, there was a significant decrease in growth in vivo as
measured by either luciferase or tumour volume inthe cells treated
with the mutant-selective morpholino (Fig. 4h, i, Extended Data
Fig.7c). Furthermore, intra-tumoural injection of vivo-morpholinos
demonstrated induction of KRAS exon 3 skipping (Extended Data
Fig.8a-d), and a significant reduction in tumour size compared to

control or untreated tumours (Fig. 4j). Inasecond KRAS“?°°K-mutant
xenograft model (Calu6), treatment was also effective when the
pre-treatment approach was used (Extended Data Fig. 9a, b), and
led to a positive efficacy trend, albeit not statistically significant,
through the intra-tumoural injection approach (Extended Data
Fig. 9c, d). We further evaluated the efficacy of a second type of
antisense oligonucleotide technology, PS +2’MOE oligonucleotides
and observed that they achieved mutant-selective exon skipping and
growth inhibitioninvitro at much lower concentrations compared
with morpholino oligonucleotides (Extended Data Fig. 10a-f, Sup-
plementary Tables 8, 9).

Discussion

Here we uncover an €ssential role of silent mutations in splicing and
production of afunctionaloncogene. Our RAS-directed CRISPR-editing
and drug-pressure screen show the effects of silent mutations, namely
KRAS®C, onssplicing and translation of a functional KRAS(Q61K). Previ-
ous studies using conventional extrinsic overexpression of the coding
sequences alone could not have identified the biological necessity of
thesilent mutation because the cDNA of analready-spliced transcript
is used in such models. Our CRISPR models enabled the evaluation
of splicing events and manual review of KRAS®®° silent mutations
in clinical samples, uncovering novel biology of KRAS“°° which had
previously not been appreciated. A functional KRAS(Q61K) requires
adinucleotide change, and thus may explain the rarity of this muta-
tion in patients (0.7% of all KRAS mutations) in contrast to NRAS®
(20% of all NRAS mutations) or HRAS®** (7% of all HRAS) mutations,
whichare oncogenic owing to asingle-base-pair substitution. Although
the existence of KRAS®°C silent mutations had been detected using a
computational algorithm from a repository of cancer genomic data,
their functional significance was previously unknown®’. We identified
two different splicing vulnerabilities that can be exploited therapeuti-
cally: a cryptic splice donor site in KRAS®?°%* cancers and ESE motifs
inKRAS, NRAS and HRAS Q61X-mutant cancers. We provided a proof of
concept showing that the induction of aberrant exon 3 exclusionin a
mutant-selective manner using an antisense oligonucleotide approach
produces non-functional RAS mutant protein and leads to tumour
cellgrowthinhibitioninvitro and invivo. So far, only KRAS(G12C) has
been directly therapeutically targeted but our findings also open the
possibility for direct inhibition of RAS Q61X cancers.

Treatments for Duchenne muscular dystrophy using
splice-modulating morpholinos and for spinal muscular atrophy using
antisense oligonucleotide with PS + 2’MOE have been approved as
therapies by the US Food and Drug Administration, supporting the
potential clinical feasibility of our RAS Q61X-directed antisense oligo-
nucleotide approach. Unlike previous antisense strategies targeting
STAT3or KRAS, our strategy for targeting RAS Q61X is mutant-selective
and thus should resultinawider therapeutic index and less toxicity in
normal tissues®*2, As not all KRAS-mutant tumours are dependent on
RAS, but also on other signalsincluding EGFR*, and targeting KRAS*¢
achieved responsesinonly a subset of such tumours®, the correlation
between the efficacy of our morpholino and RAS dependency further
supports the on-target effects of this strategy. However, given the mod-
estefficacy especially in our in vivo study, definitive proof willneed to
come from further testing in vivo and from clinical trials. Currently,
toxicity and organ-specific in vivo delivery of both morpholinos and
PS +2’MOE antisense oligonucleotides are major limitations, and fur-
ther optimization of chemical modifications, including conjugation
to cell-penetrating short peptides®*, encapsulation and viral delivery
is warranted®®.

Our findings provide new insights into the biological role of silent
mutationsinoncogenes and their great potential to be translated into
novel therapies. The applicability of this strategy may extend to other
genes on the basis of comprehensive analyses of silent mutations™.
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Further development of DNA-editing technologies may eventually
enable direct editing of KRAS®°C silent mutations to induce aberrant
splicing in KRAS%'¥ cancers, abolishing their oncogenic capacity.
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Methods

Celllines and drugs

Information on cell lines is listed in Supplementary Table 10. All cell
lines were periodically tested negative for Mycoplasma using the
Mycoplasma Plus PCR Primer Set (Agilent) throughout the study.
Osimertinib, trametinib and afatinib were purchased from Selleck
Chemicals. Cetuximab was purchased from Dana Farber Cancer Insti-
tute pharmacy.

Animals

Seven-week-old female NSG mice (for H650 xenograft model) and NCr
nude mice (for Calu6 xenograft model) were purchased from The Jack-
son Laboratory. Animals were allowed to acclimatize for at least five
days before initiation of the study. All in vivo studies were conducted
at Dana-Farber Cancer Institute with the approval of the Institutional
Animal Care and Use Committee in an AAALAC-accredited vivarium.

Genome editing using CRISPR-Cas9

To create KRAS or BRAF mutations in PC-9 cell lines, single guide RNAs
(sgRNAs) and donor templates for homology-directed repair were
designed using Deskgen (https://deskgen.com). CRISPR RNAs (crRNAs)
(Integrated DNA Technologies) were hybridized with trans-activating
crRNAs (tracrRNAs) to make 150 pmol sgRNAs, and then ribonucleo-
protein complex was formed with 120 pmol Cas9 nuclease (Integrated
DNA Technologies) in vitro. The reaction mixtures and 120 pmol donor
templates were nucleofected into PC-9 cells (1 x 10° cells) suspended
in 20 pl of SE solution (Integrated DNA Technologies) using Lonza
4D-Nucleofector (Lonza) with EN-138 mode. Cells were cultured in
growth medium with 30 pM Alt-R HDR Enhancer (Integrated DNA
Technologies) for 12 h. DNA was extracted from single clones using
the DNeasy Mini kit (Qiagen) and mutations were confirmed by Sanger
sequencing (Genewiz) or CRISPR sequencing at the Massachusetts
General Hospital (MGH) DNA sequencing core. AllsgRNAs, donor tem-
plates, and primers are listed in Supplementary Table 10.

Lentiviral transfection

Firefly luciferase lentivirus (1.5 x 10° colony-forming units (CFU),
Karafast) was used to transduce cells (1.5 x 10° cells) in the presence
of polybrene (5 pg ml™, Santa Cruz Biotechnology), followed by cen-
trifugation at 1,200g for 90 min at 32 °C, and then cultured for 12 h at
37°C. Luciferase-expressing cells were selected in1 pg ml™ puromycin
(Thermo Fisher) for 5 days.

Colony formation assay and allele frequency evaluation

Bulk PC-9 cells edited to contain KRAS or BRAF mutations (1x 10° cells)
were seeded into 12-well plates and cultured with or without 30 nM
osimertinib. After staining with 0.5% crystal violet in25% methanol for
30 min, images were taken by EPSON perfection V750 pro. To evaluate
allele frequency of specific mutant over time, DNA was extracted from
bulk edited cells and submitted to CRISPR sequencing (MGH DNA core).

Gene knockdown by siRNA

Control siRNA or target-specific siRNA (final concentration of 10 nM,
Life Technologies) and Lipofectamin RNAiIMAX Transfection Reagent
(final concentration of 0.3%, Thermo Fisher) were mixed in Opti-MEM
(Gibco). After 10 min, the mixture was added into CRISPR-modified
PC-9 cells withgrowth media. For growth-inhibition assay, cells were
trypsinized 24 h after transfection, and cultured in 384-well plates
for 24 h, then treated with osimertinib (Fig. 1i). For western blot
analysis, samples were collected 48 h after transfection (Extended
Data Fig. 1c). In experiments using RAS-mutant cell lines, control
siRNA or indicated SMARTpool siRNA (final concentration of 25 nM,
Dharmacon) and DharmaFECT1or DharmaFECT2 (final concentra-
tion of 0.3%, Dharmacon) were mixed in Opti-MEM for 5 min, and

then the reaction mixtures were added to cells in growth medium
(Fig. 4e).

Cell growth inhibition assay

Parental or CRISPR-modified PC-9 cells (1 x 10° cells) were plated in
384-well plates. After 24 h, cells were treated with drugs at the indi-
cated concentrations for 72 h. Endpoint cell viability assays were
performed using Cell Titer Glo (Promega) and read by FLUOstar
Omega. RAS-mutant cell lines (2 x 10 cells) were seeded in 384-well
ultra-low-attachment plates as suspension cells and evaluated using
3D-Cell Titer Glo (Promega). RAS mutant cells were treated with
trametinib for 3 days and with antisense oligonucleotides or siRNA
for 8 days.

RAS isoforms

RNA was extracted using the RNeasy Mini kit (Qiagen) and cDNA was
synthesized using the QuantiTect Reverse TranscriptionKit (Qiagen).
Isoforms were amplified using gene-specific-primers (Supplemen-
tary Table 10) and amplicons were resolved on a 2% agarose gel and
scanned by Bio-Rad Universal Hood Il Gel Documentation System with
CFW-1312M camera. Isoforms were characterized by Sanger sequencing
and shown using SnapGene 4.1.9.

Quantitative RT-PCR

The quantitative PCRreactions were set up in 20 pl using TagMan Gene
Expression Master Mix (Thermo Fisher) including 1 pl of 1:5 diluted
cDNA synthesized from 1 ug RNA. The reactions were run in StepOne
Plus Real-time PCR System (Applied Biosystems). Expression levels of
target genes were normalized to those of GUSB housekeeping genein
each sample. Primers and probes were designed to target exon1to 2
of normal KRAS isoform and isoform with skipping 112 bp of exon 3
(Supplementary Table 10).

Antibodies and westernblot analysis

Cells were lysed with RIPA buffer (Boston Bioproducts) supplemented
with cOmplete Mini EDTA-free Protease inhibitor cocktail (Roche)
and PhoSTOP phosphatase inhibitor cocktail (Roche). The total cell
lysate (20 pg) was subjected to SDS polyacrylamide gel electropho-
resis and transferred to Immobilon-P polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories). Antibodies are listed in Supplementary
Table 10. Membraned were scanned by Amersham Imager 600 and
analysed using ImageQuant TL1D v8.2. RAS-GTP was evaluated using
the Active Ras Detection Kit (8821, Cell Signaling Technology). Cells
were cultured with media containing 0.1% FBS with or without 1 pM
osimertinib for 24 h, and 80 pg of GST-Rafl-RBD and 500 pg of pro-
tein lysates were used according to the manufacturer’s instructions.

Simulating consensus value of splice site

Consensus values of splice site were estimated by Human Splicing
Finder v3.1**. To evaluate distribution of ESE and ESS sites around KRAS,
NRAS and HRAS Q61, wild-type and mutant sequences were simulated
using the same Human Splicing Finder. For the purpose of designing
antisense oligonucleotides, the locations of ESEs were also simulated
using ESE finder 3.0%** to be validated by independent algorisms.
Threshold values indicate the strength of each motif. Matrices for SR
proteins including SF2/ASF, SRp40, SC35 and SRp55 were obtained
fromthe ESE Finder tool. The RESCUE-ESE hexamers*° and the putative
octamer ESE* are also shown.

Designing antisense oligonucleotides

Mutant-selective morpholino, vivo-morpholino (Gene Tools) and DNA
with full PS + 2’MOE modification (Integrated DNA Technologies) were
designed against the region of ESE motifs simulated by Human Splic-
ing Finder and ESE finder, and self-dimerization potential was esti-
mated using Oligo Analyzer (https://www.idtdna.com/calc/analyzer/).
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Universal control 20-nt antisense oligonucleotides were designed with
3 mismatches relative to the wild-type sequence around KRAS, NRAS
and HRAS Q6.

Binding affinity of morpholinos with mutant or wild-type
sequences

Predicted binding affinity of antisense oligonucleotides designed
against mutant or wild-type sequences were calculated using the UNA-
Fold Web Server with a setting of 50 mM Na, 1.2 mM Mg and oligonu-
cleotide 0.25 uM (http://www.unafold.org/Dinamelt/applications/
hybridization-of-two-different-strands-of-dna-or-rna.php).

Dependency score

Gene-effect scores for dependency, evaluated by RNAi and CRISPR
knockout, were obtained from Depmap (https://depmap.org/portal/),
whereascore of Qisequivalent to agene thatisnotessential whereas a
score of -1 corresponds to the median of all common essential genes.

Treatment with morpholino or antisense oligonucleotide with
PS +2’MOEinvitro

RAS-mutantcelllines in culture media were treated in suspension with
indicated concentrations of morpholinoand 3-6 pMendo-porter (Gene
Tools). Duration of treatment was 2 days for RNA experiments, 3 days for
western blot and 8 days for growth-inhibition assay based on previously
published treatment protocols with KRAS-selective inhibitors against
RAS-mutant cells®. In all experiments using full PS + 2’MOE antisense
oligonucleotides, medium was enriched with Ca?*. Ca*" enrichment
of medium potentiates the in vitro activity of multiple types of oligo-
nucleotides and is more reflective of in vivo conditions than conven-
tional transfection methods*. Duration of treatment was 2 days for
RNA experiments, 6 days for westernblot and 8 days (drug treatment
refreshed on day 3) for growth-inhibition assay.

Pilot study of pre-treatment strategy using vivo-morpholino
invitro

Cells in suspension were treated with vivo-morpholinos without
endo-porter in culture media containing 1% FBS, followed by mor-
pholino oligonucleotide wash-out. Then, cells were seeded into
ultra-low attachment plates and cultured with complete media for 8
days until 3D-Cell Titer Glo assay.

Invivo efficacy study

Luciferase-expressing H650 and Calué6 cell lines were pre-treated
with control vivo-morpholino or targeting vivo-morpholino without
endo-porter in culture medium containing 1% FBS for 1or 2 days. After
morpholino oligonucleotide wash-out, the same number of viable
cells (5x10° cells) with 50% Matrigel (Fisher Scientific) wasimplanted
subcutaneously in the right flank of the mice. The tumour burdenwas
assessed by bioluminescent imaging beginning from day 2 using IVIS
Spectrum (Perkin EImer) at least twice weekly. Tumour volumes were
also measured using calliper measurements at least twice weekly.
Total bioluminescence was measured as photons s cm™sr and the
tumour volumes were determined by using the formula volume =
(length x width?)/2. Body weights were measured twice weekly. For
intra-tumoralinjection experiments, 0.5 mM vivo-morpholino recon-
stituted in PBS were injected daily. Tumour samples were collected to
evaluate pharmacodynamics at 4 h after day 7 of drug administration.

Clinical data

Non-synonymous and silent mutations in KRAS, NRAS and HRAS genes
were obtained from The Cancer Genome Atlas (TCGA) pan-cancer cohort.
Pan-cancer cohort (n = 25,252) evaluated by targeted NGS OncoPanel* at
the Dana-Farber Cancer Institute was queried and de-identified KRAS%™
and KRAS®°°° datawere extracted. We performed a retrospective review
of the Guardant Health de-identified database to identify KRAS Q61K-,

Q61H-and G60G-mutation-positive patients with advanced stage solid
tumours who had cell-free DNA sequencing as part of standard clinical
carebetween March 2014 and November 2019. Testing was performedina
Clinical Laboratory Improvement Amendments (CLIA)-certified, College
of American Pathologists (CAP)-accredited, New York State Department
ofHealth-approved clinical laboratory at Guardant Health. Analysis was
completed under an Advarra Review Institution Review Board protocol
for de-identified and limited datasets and did not require specific patient
consent. Plasma was analysed per methods previously described*.
We analysed all reported genomic alterations from this cohort and per-
formed a manual sequencing review for a subset of identified samples.

Statistics and reproducibility

Mean values were assessed using unpaired two-tailed Student’s
t-test or ANOVA followed by Dunnett’s post hoc test. The correlation
was analysed by Pearson’s correlation coefficient. The frequency of
co-occurrence of activating non-synonymous Q61X and the G60G
silent mutation was evaluated by Fisher’s exact test. Forin vivo studies,
two-tailed Student’s t-tests were used to compare the tumour volume or
relative bioluminescence at thelast experimental time pointand linear
mixed models withrandom slopes were applied to compare the growth
rate between treatmentgroups.*P< 0.05,*P < 0.01. GraphPad Prism9
and SAS 9.4 were used for all statistical analyses. Each experiment was
repeated twice with similar results. Statistical analysis was conducted
on data from biologically independent experimental replicates.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

FASTQfiles fromthe Amplicon sequencing of KRAS are available from
the Sequence Read Archive database under BioProject accession num-
ber PRINA789849. Non-synonymous and silent mutations in KRAS,
NRAS and HRAS genes were obtained from TCGA pan-cancer cohort
(https://portal.gdc.cancer.gov). Data on exon 3 skipping at baseline
inthe TCGA cohort were obtained from TCGA SpliceSeq (https://bio-
informatics.mdanderson.org/public-software/tcgaspliceseq/). Gene
effect scores for dependency, evaluated by RNAi and CRISPR knockout,
were obtained from Depmap (https://depmap.org/portal/). Source
data are provided with this paper.
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Extended DataFig. 6 | Invitro sensitivity to MEK inhibitor and morpholino
oligosin RAS mutantcells. a. Cell viability assays of suspension cells after 8
days of 10 pM morpholino treatment were performed on ultra-low attachment
plates (n =6 biological replicates, mean +s.d., ANOVA, followed by Dunnett’s
post-hoctest comparingto cells treated with DMSO, **p < 0.01). b, Cell viability
assay of apanel of mutant RAS cell lines after 72 h of trametinib treatmentin 2D
adherentor 3D suspension culture (n =3 biological replicates, mean+s.d.).

¢, The correlation of growth inhibition by 10 nM trametinibin 2D or 3D culture
and morpholino antisense oligo nucleotide in17 RAS Q61X cell lines. d, Western
blot analyses of signaling in KRAS wild-type cell lines were performed after 72 h
treatment with10nM trametinib, 10 uM morpholino or respective controls.

e, Relative expression of ERK signature genes, evaluated by qPCRin Calué6 and
H650 celllines treated with mutant-selective morpholino for 48 h. Expression
dataarenormalized toreadout of acontrol morpholino treatment. GUSB was
used asaninternal control. n=3biological replicates, mean £s.d., ttest,

**p <0.01.f, Cell viability assays in suspension cells after 8 days of 50 nM
afatinib, 10pg/ml cetuximub, and 10 uM morpholino treatment were
performed with the same method as a (n =6 biological replicates, meants.d.,
ANOVA, followed by Dunnett’s post-hoc test comparingto cells treated with
DMSO, **p <0.01). g, Western blot analyses of signalingin NRAS and HRAS
mutantcelllines were performed after 72 h of treatment with10 nM trametinib,
10 pM morpholino, or DMSO.
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Extended DataFig.7|Pre-treatmentstrategy using vivo-morpholino

H650 cells were pre-treated with 10 M control vivo-morpholino and target
vivo-morpholino for1to 4 days as 3D suspension cells. After drug washout,
cellswere cultured in growth media and cell viability was evaluated on day 8
invitro. Luciferase-expressing H650 cells were used for in vivo experiments.
After pre-treatment with 10 pM vivoMor-CTRL and target vivo-morpholino for
1to2daysas 3D suspension cells, drugs were washed out and cells were

invitroandinvivo H650 models. a, Morpholino oligo pre-treatment strategy.
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subcutaneously implanted into mice. Invivoimaging was performed twice a
week. b, Invitro cell viability assays of H650 cells pre-treated with 10pM
vivoMor-CTRL or vivoMor-4 for 1to 4 days (n = 6 biological replicates, mean +
s.d., ttest, **p < 0.01). ¢, Volume change of pre-treated H650 xenograft tumors.
H650 cells were pre-treated with vivoMor-CTRL or vivoMor-4 in vitro for 1or 2
days prior toinjectioninto nude mice (n=10 per eachgroup, meants.e.m.,
t-testand linear mixed growth models at day 22, **p < 0.01).
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Extended DataFig. 8| Intra-tumoralinjection of vivo-morpholinoin H650
xenograft models. a,Images of KRAS-specific PCR amplicons generated from
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(a) were compared using t test, **p < 0.01, n =2-6 micein each group, box plots
show minimum, lower quartile, median, upper quartile,and maximum.

c, Relative expression of KRAS exon 3 skipping, evaluated by gPCR in tumor
samples corresponding to (a) (n =3 biological replicates, mean+s.e.m.).

d, Body weight change of mice with H650 xenograft tumors treated with
morpholinoover time (n =10 per each group, mean +s.e.m.).
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Extended DataFig.9|Pre-treatment strategy and intra-tumoral injection
of vivo-morpholinoin Calu6é models. a, /nvitro cell viability assays of Calu6
cells pre-treated with10 pM vivoMor-CTRL or vivoMor-1for1to 4 days (n=6
biological replicates, mean s.d., ttest, **p < 0.01). b, Volume change of
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(n=10 pereachgroup, mean ts.e.m., t-testand linear mixed growth models,
*p<0.05,**p<0.01).c,Invivo efficacy of Calu6 xenograft tumors treated with
daily intra-tumoral injection of morpholino (n =10 per each group, mean +
s.e.m., t-test and linear mixed growth models, **p < 0.01).d, Body weight
change of mice with Calué xenograft tumors treated with morpholino over
time (n=10 per eachgroup, mean+s.e.m.).
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Extended DataFig.10 |Mutantselective inhibition of KRAS using
PS+2’MOE antisense oligos. a, Schema depicting the design of the KRAS
GQ60GK c.180_181delinsCA selective antisense oligo by screening. b, Images
of KRAS-specificPCRamplicons generated from the cDNA of cells treated with
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defined as the band intensities of “skipped/(skipped + full-length)” transcript
as quantified by ImageJ. M:100 bp-marker. n =2 biological replicates, mean +
s.e.m.c, Images of KRAS-specific PCRampliconsinindicated cell lines with

same method asb (n=2biological replicates, mean+ts.e.m.).d, Transcript
reads of KRAS GQ60GK or Q61L versus wild-typein theintact full-length KRAS
amplicon derived from mRNA of Calu6 and SW948 cells treated with PS+2’"MOE
antisense oligos (n =1). e, Western blot analyses of signaling in KRAS mutant
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PS+2’MOE antisense oligos treatment were performed (n = 6 biological
replicates, mean s.d., ttest, **p <0.01).
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection EPSON perfection V750 pro (colony formation assay), BIO-RAD UNIVERSAL HOOD Il Gel Documentation System with CFW-1312M Camera
(images of PCR bands), StepOnePlus Real-Time PCR System (Quantitative RT-PCR data), FLUOstar Omega (Cell growth-inhibition assay),
Amersham Imager 600 (Western blot), Perkin Elmer IVIS Spectrum (luciferase imaging)

Data analysis SnapGene 4.1.9 (sequencing chromatogram), StepOne Software v2.3 (Quantitative RT-PCR), ImageQuant TL1D v8.2 (Western blot analysis),
Perkin Elmer Living Image software v4.7.3 (luciferase imaging), GraphPad Prism v9.0.0, SAS 9.4, Adobe Photoshop v22.0.1, Adobe Illustrator
25.0.1, Human Splicing Finder v3.1 (splicing), ESE finder 3.0 (splicing), UNAFold Web Server (binding affinity), IGV 2.8.0 (visualizing NGS data)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

FASTQ files from the Amplicon sequencing of KRAS are available from the SRA database under BioProject accession number PRINA789849. All data generated and
Source Data are provided within the paper. Non-synonymous and silent mutations in KRAS, NRAS, and HRAS genes were obtained from TCGA pan-cancer cohort

(https://portal.gdc.cancer.gov). Data on Exon 3 skipping at baseline in TCGA cohort were obtained from TCGA SpliceSeq (https://bioinformatics.mdanderson.org/
public-software/tcgaspliceseq/). Gene effect scores for dependency, evaluated by RNAi and CRISPR knockout, were obtained from Depmap (https://depmap.org/
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Sample size A sample size of three to six replicates was selected for in vitro experiments, which were then confirmed via independent replication
studies. Quantitative proteomics experiments were performed using n=2 biologically independent samples, which was expected to
yield significant results based on previous experience. Each in vivo study had n=10 replicates per group to have appropriate statistical power
based on previous experience.

Data exclusions  No data were excluded.

Replication All experiments have been performed in at least two independent experiments. All replication attempts were successful.

Randomization  Forin vitro experiments, wells of cells were randomly assigned to control or treatment groups. Mice bearing pre-treated H650 or Calu6 cells
were not treated in vivo therefore, randomization was not required. In vivo study using intra-tumoral injection, mice with H650 or Calub

xenograft models were randomized depending on the tumor size before treatment.

Blinding Amplicon next generation sequencing was blinded. In vitro and in vivo experiments were not blinded; blinding was not applicable to this study
as data collection and analysis was not prone to bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry

X

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms

|:| Human research participants

L]

Clinical data

XX XOXOO >
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Dual use research of concern

Antibodies

Antibodies used All antibodies were described in Supplementary Table 10.

Validation All antibodies are commercially available and the validation information found on suppliers” web page is as follows: p-EGFR (suitable
for: WB, IHC, IF, FC; reacts with: human, mouse, rat, monkey; https://www.cellsignal.com/products/primary-antibodies/phospho-egf-
receptor-tyr1068-d7a5-xp-rabbit-mab/3777); BRAF (suitable for: WB, IP, IF, IHC(P), ELISA; reacts with: mouse, rat, human; https://
www.scbt.com/p/raf-b-antibody-f-7?productCanUrl=raf-b-antibody-f-7&_requestid=15560431); KRAS N-terminal (suitable for: WB,
IP, IF, FC; reacts with: human, mouse, rat; https://www.ptglab.com/products/KRAS-Antibody-12063-1-AP.htm); KRAS 4B C-terminal
(suitable for: WB, IHC, IF, FC; reacts with: human, mouse; https://www.ptglab.com/products/KRAS2B-speicifc-Antibody-16155-1-
AP.htm); p-ERK (suitable for: WB, IP, IHC, IF, FC; reacts with: human, mouse, rat, hamster, monkey, mink, D. melanogaster, zebrafish,
bovine, dog, pig, S. cerevisiae; https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-
tyr204-d13-14-4e-xp-rabbit-mab/4370); t-ERK (suitable for: WB, IP, IHC, IF, FC; reacts with: human, mouse, rat, hamster, monkey,
mink, D. melanogaster, zebrafish, bovine, dog, pig, S. cerevisiae; https://www.cellsignal.com/products/primary-antibodies/p44-42-
mapk-erk1-2-137f5-rabbit-mab/4695); p-AKT (suitable for: WB, IP, IHC, IF, FC; reacts with: human, mouse, rat, hamster, monkey, D.
melanogaster, zebrafish, bovine; https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-rabbit-
mab/4060), cleaved PARP (suitable for: WB, IP, IHC, IF, FC; reacts with: human, monkey; https://www.cellsignal.com/products/
primary-antibodies/cleaved-parp-asp214-d64e10-xp-rabbit-mab/5625); BIM (suitable for: WB, IP, IHC, IF, FC; reacts with: human,
mouse, rat; https://www.cellsignal.com/products/primary-antibodies/bim-c34c5-rabbit-mab/2933); b-actin (suitable for: WB; reacts
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with: pig, Hirudo medicinalis, bovine, rat, canine, feline, human, rabbit, carp, mouse, guinea pig, chicken, sheep; https://
www.sigmaaldrich.com/US/en/product/sigma/a3854); HSP9O (suitable for: WB, IP, IF, FC, ELISA; reacts with: mouse, rat, human: the
vendor cites a paper showing detection of HSP90 by immunoblotting in human neuroblastoma cell lines PMID: # 20655465 Holzel,
M. et al. 2010. Cell. 142: 218-229; https://www.scbt.com/p/hsp-90alpha-beta-antibody-h-114?requestFrom=search), Active Ras
Detection Kit (the vendor shows detection of RAS by immunoblotting in mouse NIH/3T3 cell lines; https://www.cellsignal.com/
products/cellular-assay-kits/active-ras-detection-kit/8821).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Sources of all cell lines were described in Supplementary Table 10.

NCIH650, KYSE30, and RL952 cell lines were purchased specifically for this project from vendors listed in Supplementary
Table 10 in December 2019 and used withing 10 passages. Other cell lines were originally purchased directly from the
vendors listed in Supplementary Table 10, and then tested for mycoplasma contamination and STR fingerprinting. These cells
were also used within 10 passages from the initially banked vials.

Mycoplasma contamination All cell lines were periodically tested negative for Mycoplasma throughout the study.

Commonly misidentified lines  None were misidentified.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

7-week old female NSG mice (for H650 xenograft model) and NCr nude mice (for Calu-6 xenograft model) were purchased from The
Jackson Laboratory. Animals were allowed to acclimate for at least 5 days before initiation of the study. Mice were housed in
individually ventilated cages in a state-of-the-art OptiMICE rack system equipped with automatic watering. The vivarium was
temperature controlled (72 + 2° F) and a target range of 35-55% relative humidity, with automated lighting ensuring a standard 12:12
hour light/dark circadian cycle.

No wild animals were used in the study.
No field-collected samples were used in the study.

All'in vivo studies were conducted at Dana-Farber Cancer Institute with the approval of the Institutional Animal Care and Use
Committee in an AAALAC accredited vivarium.

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