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SUMMARY

Despite KRAS G12V being the second most common KRAS mutation in cancer, no direct inhibitors targeting 
KRAS G12V have been approved. RNA interference (RNAi) has faced numerous obstacles as cancer therapeutic, 
including the lack of cancer-specific tissue targeting, rapid oligonucleotide nuclease degradation, and clear-

ance from circulation. Recently, the use of targetable ligands conjugated to chemically modified siRNAs have 
shown remarkable promise in circumventing these barriers. In this study, we demonstrate that an EGFR-

directed RNAi molecule (EFTX-G12V) is highly selective for KRAS G12V and exhibits improved therapeutic activity 
over pan-KRAS targeting, including enhanced inhibition of several cancer hallmarks. Using a targeted RNAi de-

livery platform, we achieve effective tumor silencing of KRAS G12V and significant anti-tumor activity across 
several cancer models. Our findings represent a technological advance in oncogene targeting using RNAi 
and provide new biologic insights in KRAS targeting with potential implications for safety and efficacy.

INTRODUCTION

The Kirsten rat sarcoma (KRAS) proto-oncogene encodes a small 

GTPase that is crucial for the activation of numerous intracellular 

signaling pathways that regulate cell proliferation, survival, and dif-

ferentiation. Missense mutations in KRAS often result in its consti-

tutive activation, leading to dysregulated downstream signaling 

cascades that drive oncogenic transformation. As such, KRAS 

mutations are present in nearly 25% of all human cancers, and 

they frequently occur in some of the most prevalent cancer types, 

such as lung (35%), colorectal (49%), and pancreatic adenocarci-

nomas (92%). 1

Activating KRAS mutations are well defined and typically 

occur in one of three major hotspots located at codons 12, 13,

and 61, where they impair GTPase activity resulting in increased 

GTP-bound active KRAS. Across cancer populations, KRAS 

G12D (29%), G12V (23%), G12C (15%), and G13D (7%) are 

the most common mutations, 1 and for reasons that remain 

poorly understood, some KRAS mutations occur at a higher fre-

quency in certain cancer subtypes. For example, the G12D mu-

tation is the most common in pancreatic (42%) and colon (30%) 

cancers, while the G12C mutation is most common in lung can-

cer (40%). 2 The clinical prevalence and significance of activating 

KRAS mutations underscores the importance of developing 

targeted therapies to specific mutations.

Until recently, KRAS was viewed as ‘‘undruggable’’ with tradi-

tional small molecule inhibitor approaches due to its pM affinity 

for GTP, undesirable surface topology, and lack of a hydrophobic
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Figure 1. Discovery, SAR and validation of KRAS G12V specific siRNA in vitro

(A) 7-point Luciferase dose-response curve in A431-KRAS-WT or -KRAS-G12V cells stably expressing a luciferase reporter.

(B) 8-point dose-response curve in SKCO1 cells.

(legend continued on next page)
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core. However, recent advancements in structural and computa-

tional biology and new chemical approaches have renewed inter-

est in targeting mutant KRAS resulting in the approval of two 

KRAS G12C inhibitors now used in the clinic, sotorasib and adagra-

sib, 3,4 and additional inhibitors are in clinical development. 5,6 

Further, non-covalent KRAS G12D specific (MRTX1133 and 

HRS-4642), 7,8 covalent KRAS G12D , 9 pan-KRAS (BI-2865), 10 and 

pan-RAS (clinical candidate: RMC-6236, pre-clinical molecule: 

RMC-7977) 11–13 inhibitors are at various stages of clinical devel-

opment. The latter molecules target all tested KRAS mutations 

and represent the potential for a broad clinical impact. However, 

because pan-KRAS/-RAS strategies simultaneously target 

KRAS wild-type (WT), the therapeutic window is anticipated to 

be narrower, and the biologic effects of targeting KRAS WT within 

KRAS mutant tumors remains poorly understood. 14 Despite the 

substantial progress in developing KRAS inhibitors over the past 

decade, there remains no direct KRAS G12V inhibitors in the clinic.

Together, the clinical significance and chemical intractability 

of the KRAS G12V mutation demand new molecular interventions. 

Until recently, the prospects of using RNAi therapeutics in the 

cancer clinic have seemed dire. However, as evidenced by the 

first FDA-approved ligand-conjugated siRNA drug (givosiran), 15 

the promise of therapeutic RNAi in the cancer clinic will largely 

depend on whether sufficient tumor delivery and target engage-

ment is possible. 16,17 Here, we demonstrate an EGFR-directed, 

highly specific RNAi molecule (EFTX-G12V) that selectively 

inhibits KRAS G12V expression and results in significant preclini-

cal activity. Our findings represent a powerful technological 

advancement in mutant-selective oncogene therapeutics using 

RNA interference (RNAi) and reveal important biological insights 

into KRAS targeting that have broader clinical implications with 

regards to toxicity and therapeutic efficacy.

RESULTS

Development of a KRAS G12V selective siRNA molecule 

Previously, we used an engineered artificial KRAS mRNA 

sequence to design unmodified siRNAs capable of targeting 

KRAS G12C , KRAS G12V , and KRAS G13D mutations while sparing 

KRAS WT . 18 We designed three versions of fully modified 

KRAS G12V mutant-specific siRNAs each with a mixture of

2 ′ Fluoro (2 ′ F) and 2 ′ -O-methyl (2 ′ -O-Me) ribose modifications 

throughout the sense and antisense strands, as well as phos-

phorothioate (PS) linkages at the 5 ′ and 3 ′ termini of each strand. 

These modifications substantially improve endo- and exo-

nuclease resistance, enhance thermodynamic properties, 

decrease immunogenicity, and potentially reduce off-target ef-

fects; thus, conferring desirable drug-like properties. 17,19–21 To

assess these designs, we performed a viability dose-response 

curve on KRAS G12V mutant SKCO1 colon cancer cells and 

found that two of the designs exhibited low nanomolar potency 

(Figure S1A).

To evaluate the mutant selectivity of these two designs, 

siRNAs were transfected into isogenic A431 cells expressing 

either HA-tagged KRAS WT or KRAS G12V . 18 Compared to a non-

targeting control siRNA (control siR1), both siRNAs decreased 

KRAS mRNA expression to similar levels as a pan-KRAS 

siRNA. 22 However, only one siRNA demonstrated robust 

KRAS WT sparing and was therefore nominated for further evalu-

ation (Figure S1B).

Previous studies have shown that the number and placement 

of 2 ′ -F and 2 ′ -O-Me modifications have a significant effect on 

siRNA stability and efficacy in vivo. 20,21,23–25 Building on our 

best performing siRNA molecule that has a higher number of

2 ′ -F modifications (Hi2F), we evaluated designs that were higher 

in 2 ′ -O-Me modifications (Hi2OMe). Notable advantages of 

increasing 2 ′ -O-Me content in an siRNA include reduced off-

target effects and immunogenicity, and improved allele-specific 

targeting and nuclease resistance. 23,24,26 Using isogenic A431 

cells engineered to express either KRAS WT or KRAS G12V fused 

to a luciferase reporter, we evaluated dose-responses following 

transfection with either the Hi2F or Hi2OMe siRNA molecule. As 

expected, pan-KRAS siRNA equally inhibited KRAS G12V and 

KRAS WT expression. The Hi2F design reduced KRAS G12V activ-

ity similarly to pan-KRAS siRNA but also led to ∼50% reduction 

of KRAS WT activity. Conversely, the Hi2OMe design potently in-

hibited KRAS G12V activity while completely sparing KRAS WT ac-

tivity (Figures 1A and S1C). We therefore moved forward with the

Hi2OMe design given its greater specificity for KRAS G12V .

We performed a dose-response experiment in SKCO1 cells 

and found that G12V siRNA potently inhibited cell growth with 

a GI 50 value of 0.41 nM (Figure 1B). We then evaluated 3D 

spheroid growth to model impact on tumorigenesis and 

observed significant reductions in total spheroid number and 

size with both pan-KRAS siRNA and G12V siRNA in all three 

models tested (Figure 1C).

We next evaluated KRAS protein expression and downstream 

MAPK signaling following siRNA transfection in the A431 

isogenic KRAS HA-tagged cell lines. After 48 h, relative to control 

siRNA, G12V siRNA had no effect on KRAS protein expression in 

KRAS WT cells but resulted in a 42% and 69% knockdown of 

KRAS protein at 5 nM and 20 nM, respectively, in KRAS G12V cells 

(Figure 1D). After 72 h, G12V siRNA still elicited minimal reduc-

tion of KRAS protein in KRAS WT cells, while resulting in a 53% 

reduction of KRAS protein at 20 nM in KRAS G12V cells. We 

also observed that KRAS G12V cells treated with G12V siRNA

(C) 3D growth of cells embedded in Matrigel after transfection with siRNAs at 20 nM. Spheroids were imaged after 8 days of growth, and conditions were run in at 

least triplicate, scale bar 200 μM.

(D) Western blot analysis in A431 cells stably expressing KRAS WT or -G12V transiently transfected with siRNAs. Cells were analyzed at 48 h and 72 h. Blots were 

done separately, and quantification is based on vinculin control for each individual blot. Representative vinculin blot shown.

(E) Western blot analysis in cells transiently transfected with siRNAs. Cells were analyzed at 72 h. Quantification is based on vinculin control.

(F) Volcano plots from RNA-sequencing in SKCO1 cells transiently transfected with siRNAs at 20 nM. Cells were analyzed at 24 h.

(G) Western blot analysis in cells transfected with G12V siRNA or treated with RMC-7977 alone and in combination. Cells were analyzed at 24 and 72 h and 

quantification is based on cyclophilin B.

(H) 3D representation of Bliss Synergy score. All data points measured in at least triplicate and shown as mean ± S.E.M. Statistical significance was measured by 

one-way ANOVA test; p-values *p < 0.05, **p < 0.01, ***p < 0.005. See also Figure S1.
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exhibited decreased downstream signaling in multiple 

effectors including pERK1/2 T202/Y204 , pS6 S235/236 and pMEK1/

2 S221 (Figure 1D). Additionally, KRAS G12V mutant H727 and 

H441 cells treated with G12V siRNA exhibited a ∼70–90% 

decrease in KRAS protein at 5 nM and 20 nM, with a correspond-

ing ∼70–75% decrease in pERK1/2 T202/Y204 at 20 nM (Figure 1E). 

To further evaluate the specificity of KRAS G12V targeting, we 

measured KRAS and DUSP6 mRNA expression in a KRAS G12C 

mutant cell line, H358. G12V siRNA had no effect on gene 

expression, while pan-KRAS siRNA significantly decreased 

both KRAS and DUSP6 expression. (Figures S1D and S1E). 

We used RNA-sequencing to more rigorously evaluate potential 

off-target effects. We transfected SKCO1 cells, collected RNA 

after 24 h and looked for unintended off-target changes in 

gene expression. Besides KRAS, the next most significantly 

downregulated genes for both the pan-KRAS and G12V 

siRNAs were TNS4 and CXCL8, both of which are reported 

downstream effectors of KRAS-mutant cancer and are indeed 

on-target (Figure 1F, left; Figure S1F). 27,28 Because SKCO1 is a 

heterozygous KRAS G12V mutant cell line, we then evaluated 

the siRNAs for their effects on each allele. We found that 

KRAS G12V was significantly downregulated by G12V siRNA, 

while KRAS WT was completely spared (Figure 1F, right). 

Conversely, as expected, in cells transfected with pan-KRAS 

siRNA, both KRAS G12V and KRAS WT were significantly and 

nearly equally downregulated (Figure S1G). Together, these 

data describe the development of a potent, highly KRAS G12V 

specific siRNA that is chemically modified to confer drug-like 

properties.

Lastly, we posited that dual targeting of mutant KRAS at the 

mRNA and protein levels may more effectively ablate down-

stream MAPK signaling than either modality alone. We evaluated 

the potential of combining G12V siRNA with RMC-7977, a small 

molecule pan-RAS inhibitor. 15 Western blot analyses of 

pERK T202/Y204 showed that the combination of G12V siRNA 

and RMC-7977 enhanced MAPK silencing compared to each in-

hibitor alone in several cell lines (Figures 1G and S2A). We addi-

tionally completed dose-escalation viability experiments and 

found that in SKCO1 cells, the combination of G12V siRNA 

and RMC-7977 was synergistic (Figures 1H and S2D). In H727 

cells, the combination was predominantly additive, resulting in 

enhanced inhibition compared to G12V siRNA as a single agent 

(Figures S2B and S2C). These data suggest that co-targeting 

KRAS at both the mRNA and protein levels out-perform each 

therapeutic modality as a single agent.

Thermodynamics and modeling of the G12V siRNA

We investigated how G12V siRNA specifically targets KRAS G12V 

mRNA and spares KRAS WT mRNA, despite having only a single 

mismatch with the WT transcript at anti-sense (AS) position 5. 

Using UV melting experiments, we determined the melting tem-

perature for the AS strand of G12V siRNA complexed with each

of the different synthetic KRAS mRNA mimics for KRAS WT ,

KRAS G12D (which also has an AS5 mismatch), and KRAS G12V .

The average melting temperatures for KRAS WT (A:G mismatch 

pair – 73.6 ◦ C) and KRAS G12D (A:A mismatch pair – 73.3 ◦ C) 

were nearly 6 ◦ C lower than for KRAS G12V (A:U matching pair – 

79 ◦ C) (Figure 2A). These findings implicate differential thermody-

namics as a mechanistic basis for mutant selectivity.

To study the structural implications of these 3 KRAS mRNA 

pairings with the G12V siRNA when loaded into Ago2, we per-

formed in silico modeling. Whereas the G12V siRNA forms an 

A:U pair with KRAS G12V at AS position 5 (Figure 2B), this stan-

dard Watson-Crick base pair is replaced by a purine-purine 

pair when G12V siRNA is bound to either KRAS WT (Figure 2C) 

or KRAS G12D (Figure 2D). Replacing the C:G pair in the parent 

crystal structure of the Ago2-dsRNA complex with an A:U pair 

(G12D) is of little consequence for duplex conformation and in-

teractions with Ago2. Indeed, the computational model of this 

complex shows intact H-bond formation and stacking between 

A:U and neighboring base pairs (Figure 2B). The changes relative 

to the parent complex are more pronounced in the simulated

models of complexes with purine-purine pairs. For KRAS WT ,

the model shows high propeller twist between A and G with 

locally diminished stacking, although the relative orientation of 

bases still permits two H-bonds (Figure 2C). For the G12D 

mutant, the adenine at AS5 appears to be even more rotated 

out of the plane defined by the sense strand adenine, and 

base pairing is reduced to one H-bond (Figure 2D). In both com-

plex models with purine-purine pairs, the RNA duplex is widened

by ca. 1 A ˚ compared to that in the crystal structure. These geo-

metric changes likely negatively affect the interactions with Ago2 

and potentially further enhance the selectivity for KRAS G12V 

mutant over KRAS WT and KRAS G12D (Figure 2A). Overall, the 

thermal melting analysis and computer modeling afford a ration-

alization of the favorable potency of the G12V siRNA that is 

consistent with the results from cell-based activity assays.

Development of an EGFR-directed RNAi platform

A major factor limiting the widespread use of oligonucleotide-

based drugs in oncology is the need for targeting moieties that 

can selectively and efficiently deliver oligo payloads to tu-

mors. 17,29 One promising receptor is the epidermal growth factor 

receptor (EGFR), which is overexpressed in many carcinomas 

and was identified as one of the most attractive cancer-specific 

targets by single-cell RNA-sequencing. 30 By evaluating the 

Broad’s Cancer Cell Line Encyclopedia (CCLE), we confirmed 

across >600 cell lines that KRAS-mutated carcinomas frequently 

express high levels of EGFR (Figure 3A). We directly compared 

EGFR expression levels between >500 non-small cell lung can-

cer (NSCLC) tumors with a tissue microarray of 27 healthy so-

matic tissues. We used the H-scoring method to measure 

EGFR receptor expression, which takes into consideration 

both membranous staining intensity (ranked at 0, 1, 2, and 3) 

and the percentage of tumor cells with the correspondent inten-

sity, giving a composite score between 0 and 300. We found the 

majority of NSCLC samples had EGFR H-scores of at least 60, 

while only a few somatic tissues (notably skin, bladder and small 

bowel) demonstrated EGFR H-scores >60 (Figures 3B and S3A). 

Based on these findings, we determined that EGFR is an attrac-

tive target with a high potential for tumor-to-normal payload 

delivery.

Previously, a 12 amino acid EGFR-targeting peptide 

(YHWYGYTPQNVI), called GE11, was discovered through phage 

display and demonstrated favorable binding kinetics to EGFR. 31 

GE11 is non-mitogenic, and when conjugated it has been used 

as a targeting moiety for numerous purposes, including for 

enhancing nanoparticle delivery, imaging modalities, and in vitro
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demonstration of siRNA delivery. 31–33 By adding a C-terminal 

cysteine to GE11 (hence GE11C), we used a PEG3 linker to conju-

gate the ligand to the 3 ′ -end of the sense strand of the G12V siRNA, 

henceforth referred to as EFTX-G12V (Figure 3C).

We found that compared with unconjugated Cy5-siRNAs, 

GE11C-conjugated Cy5-siRNAs showed a dramatic increase 

in uptake by 5 h (15-fold in LU65 and 17-fold in HCT116) 

(Figure 3D), demonstrating delivery of chemically modified 

siRNAs to EGFR expressing cancer cells. One potential advan-

tage of GE11 for tumor targeted siRNA delivery is its relatively 

weak binding affinity to EGFR, which has been shown to allow 

receptor recycling to the cell surface within ∼30 min, as opposed 

to a more potent binder which increases susceptibility for pro-

teosome degradation. 34 To determine if GE11C-mediated siRNA 

delivery occurs via receptor-mediated endocytosis, we per-

formed co-localization studies with GE11C-conjugated Cy5-

pan-KRAS siRNAs and markers for endosomal compartments. 

GE11C-conjugated siRNAs co-localized with markers for early 

(Rab5a) and late endosomes (Rab7a), and early-stage lyso-

somes (Lamp1) (Figure 3E).

We evaluated the properties of GE11C-siRNA via SQ adminis-

tration 21,35 in the A431 human xenograft model. Two hours

following a single injection (5mg/kg, mpk), compared to PBS con-

trols, FACS sorting and analysis showed that ∼90% of cancer 

cells were positive for the Cy5-siRNA (Figure 3F). This was 

confirmed spatially using fluorescence microscopy (Figure S3B). 

Using ex vivo biofluorescence, we evaluated Cy5-siRNA uptake 

in tumor and in somatic tissues we found to have elevated 

EGFR expression (Figure 3B). When normalized by tissue mass, 

we observed significant tumor and kidney uptake, consistent 

with the class effect of ligand-conjugated siRNAs. 35 Additionally, 

we observed significant uptake into mouse skin, liver and small 

bowel, but minimal uptake into the heart and lung (Figure 3G). 

Considering the tissues evaluated, tumor uptake represented 

6% of the recovered dose, which is favorable controlled to the 

estimated ∼1% of tumor uptake from monoclonal antibody 

distribution. 36

Lastly, we performed a pharmacokinetic evaluation of the anti-

sense strand of EFTX-G12V in plasma and A431 tumors 

following a single 5 mpk SQ injection. As anticipated for 

ligand-conjugated siRNAs, plasma siRNA concentration was 

high early and reached a peak concentration one hour after injec-

tion and was cleared within four hours (Figure 3H). In the tumor, 

siRNA abundance peaked between 15 min and one hour post

Figure 2. Thermal stability and structure of KRAS siRNA guide:mRNA model duplexes

(A) UV melting curves and sequences of 23mer duplexes between the fully modified KRAS guide RNA and the targeted G12V mutant, WT, and G12D mutant RNA. 

Molecular mechanics models of Ago2 in complex with the modified KRAS guide sequence paired opposite (B) G12V mRNA, (C) WT mRNA and (D) G12D mRNA. 

The views are into the major groove of the seed region and selected residues are labeled in (B). See methods for more details.
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Figure 3. Characterization of GE11C-mediated siRNA delivery and EGFR expression

(A) Quantification of cell surface EGFR expression levels in cancer tissues vs. KRAS-mutated cancer tissues. Data were derived from the Cancer Cell Line 

Encyclopedia (CCLE).

(legend continued on next page)
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injection and slowly decreased over 96 h until it was almost fully 

cleared one week after injection (Figure 3I). Taken together, 

these data indicate that EFTX-G12V is efficiently delivered to 

the tumor’s cancer cells and somatic tissues that express 

EGFR and is predominately cleared from the plasma via the 

kidneys.

Pharmacodynamics, biodistribution, and safety

To characterize the pharmacodynamics of EFTX-G12V, we 

utilized the A431-KRAS G12V-HA tagged cell line model. 

This allowed us to evaluate direct KRAS G12V target engage-

ment within tumor cells and distinguish the effects from 

the murine stroma. PBS was used as a control, and we 

have found that KRAS mRNA and protein expression are not 

differentially affected by treatment with PBS, or GE11C-conju-

gates to a non-targeting control siRNA (control siR1) or a 

luciferase targeting siRNA with the same 2 ′ F/2 ′ OMe modifica-

tion pattern as EFTX-G12V (control siR2) (Figures S4A 

and S4B).

Compared to mice treated with PBS, we observed a signifi-

cant time- and dose-dependent reduction in KRAS G12V and 

phosphorylated ERK1/2 T202/Y204 (Figure 4A). We observed 

peak reduction of KRAS at 72 h in the 2.5 mpk group (65%, 

Figure 4B) and at 48 h in the 5 mpk group (80%, Figure 4B). In 

the 2.5 and 5 mpk groups, KRAS protein expression rebounded 

to levels close to baseline by 96 h. In the 10 mpk group, we 

observed significant inhibition of KRAS protein at all timepoints, 

with peak KRAS silencing at 96 h (85%, Figure 4B).

We observed significant reduction of downstream signaling

as evidence by reduction of phosphorylated ERK1/2 T202/Y204 .

In the 2.5 mpk group, pERK T202/Y204 expression decreased 

over time and reached peak silencing at 96 h (78%). In the 5 

and 10 mpk groups, pERK T202/Y204 expression was significantly 

reduced across all timepoints assessed, reaching peak silencing 

(∼80%) by 24 h and maintaining sustained silencing through 96 h 

(Figure 4C). We additionally assessed DUSP6 mRNA as a 

readout of ERK1/2 transcriptional activity. In the 2.5 mpk group, 

DUSP6 expression closely mirrored pERK1/2 Y202/T204 expres-

sion, displaying a decrease over time with peak silencing at 

96 h (74%). Additionally, in the 5 and 10 mpk groups, DUSP6 

was significantly reduced at nearly all timepoints, with peak 

silencing at 96 h (91%) and 72 h (91%), respectively 

(Figure 4D). Lastly, to evaluate whether EFTX-G12V can spatially 

attenuate MAPK signaling throughout the tumor, we performed 

immunohistochemistry for pERK. Compared with PBS treated 

tumors, EFTX-G12V significantly attenuated pERK signaling at 

all doses and timepoints (Figures 4E and S4C). These findings 

corroborate the western blot findings and provide evidence for

diffuse tumor distribution and effective RNAi activity for up to

4 days after a single treatment.

Next, we measured KRAS mRNA expression in the tumor and 

observed significant reductions in nearly all conditions, with 

peak silencing at 72 h in the 2.5 (75%) and 10 mpk (79%) groups, 

or at 96 h in the 5 mpk (87%) group (Figure 4F). We quantified the 

concentration (μg/g) of the antisense strand of EFTX-G12V deliv-

ered to the tumor and found a dose-dependent increase in 

siRNA abundance (Figure 4G). Further, we found that EFTX-

G12V antisense concentration in the tumor was significantly 

correlated with KRAS protein silencing at the 48-h timepoint, 

consistent with delivery and distribution of EFTX-G12V 

throughout the tumor and cytosolic bioavailability for target 

engagement (Figure 4H).

Given the biodistribution profile of GE11C-siRNA into kidney, 

bladder and skin, we next analyzed murine KRAS expression. 

Because EFTX-G12V binds to a region of the KRAS WT mRNA 

sequence that is conserved between humans and mice, this 

enabled us to probe in vivo whether EFTX-G12V can inhibit 

KRAS WT . In the kidney and bladder tissues, we observed a 

modest, but insignificant, reduction of KRAS mRNA in a few of 

the experimental groups (Figures 4I and 4J). We did observe 

high concentrations of the siRNA in the kidney, particularly in 

the 5 mpk and 10 mpk groups at 24 h, which was quickly cleared 

(Figure S4D). We also observed a statistically significant but 

moderate reduction of KRAS mRNA in the skin tissue 

(Figure 4K). While much of our previous data shows that EFTX-

G12V has excellent mutant selectivity, further longer-term safety 

studies will be important to better understand these findings. 

Next, we performed a preliminary safety study of EFTX-G12V in 

C57/B6J immunocompetent mice. We observed no changes in 

animal behavior, total weight, organ weight, bone marrow, and 

liver or kidney function. Additionally, based on the white blood 

cell differential, there was no evidence of an inflammatory 

response (Figures S5A and S5G). Using miRNAscope technology, 

a custom probe against the EFTX-G12V AS strand confirmed sys-

temic biodistribution, which predominately accumulated based 

on vascular delivery and EGFR expression, notably to the skin, 

kidney, liver, and bladder wall (Figure S6). Histologic examination 

found that the renal cortex had mild cytoplasmic basophilia in the 

proximal tubules in the 50 mpk group (Figure S5H). Minimal vacu-

olation of the proximal tubular cytoplasm was evident at all treat-

ment doses; however, there was no evidence of microscopic def-

icits (Table S1). No test article related microscopic findings were 

evident in the tissues examined. Based on these findings, we 

determined EFTX-G12V likely has a large therapeutic index, 

consistent with several tiers of selectivity through EGFR-based 

targeting and KRAS G12V mutant selectivity.

(B) EGFR H-scores for NSCLC vs. normal somatic tissues derived from a tissue microarray. Inset shows a representative micrograph of EGFR IHC signal in 

NSCLC, scale bar 100 μM.

(C) Space-filling illustration of the 3D model of the chemically modified G12V siRNA duplex with the conjugated GE11C EGFR peptide ligand. Peptide ligand and 

antisense strand 3 ′ -terminal overhanging nucleotides are shown on the upper left and lower right, respectively. See methods for more detail.

(D) Quantification of GE11C-mediated fluorescent siRNA uptake via flow cytometry.

(E) Fluorescent micrographs showing co-localization of GE11C-conjugated cy5 siRNA with endosomal and lysosomal markers, scale bar 10 μm.

(F) Cartoon showing GE11C-conjugated cy5 siRNA (top panel). FACS (left panel) and micrograph (right panel) quantification of GE11C-conjugated cy5 siRNA 

uptake in HLA+ cancer cells (left panel).

(G) Ex vivo quantification of GE11C-conjugated cy5 siRNA uptake tumors and mouse somatic tissues.

(H) Quantification of EFTX-G12V antisense strand in plasma and (I) tumor. All data are shown as a mean ± S.E.M. Statistical significance was measured using 

Student’s t test; p-values ***p=<0.005. See also Figure S2.
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Figure 4. Biodistribution, PK/PD and toxicology of EFTX-G12V

(A) Western blot analysis in tumor lysates. Blots were done separately, and quantification is based on vinculin control for each individual blot. Representative 

vinculin blot shown. Separate blots are indicated and additionally separated by dosing group for clarity.

(legend continued on next page)
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EFTX-G12V efficacy compared with pan-KRAS siRNAs 

We next evaluated EFTX-G12V for its single-agent therapeutic 

efficacy in mouse xenograft models. To evaluate generalizable 

populations of KRAS-mutant carcinomas, we chose KRAS G12V 

models from lung carcinoma, H727 and H441, colon carcinoma, 

SKCO1, and pancreatic adenocarcinoma (PDAC), Capan-2, 

based on them each having average levels of EGFR expression 

for carcinoma cell lines (Figures 3A and 5A). We confirmed by 

IHC that these models have EGFR H-score ranges (H727: 57, 

H441: 155, SKCO1: 79), which may enable discrimination of tu-

mor-to-normal tissue payload delivery.

In H727, we unexpectedly found that compared to the control 

siRNA, EFTX-G12V outperformed pan-KRAS targeting, despite 

the latter being significantly more potent in vitro (Figure 5B). At 

day 7, we observed significant inhibition of tumor growth in the 

pan-KRAS (47%) and EFTX-G12V (68%) groups. By day 21, 

the differences were more pronounced, and tumor growth was 

significantly inhibited in the pan-KRAS (60%) and in the EFTX-

G12V (82%) group. When repeated in H441, pan-KRAS targeting 

had no effect, whereas EFTX-G12V inhibited tumor growth by 

73% (Figure 5C). Next, using SKCO1, we added a treatment 

group of EFTX-G12V at 5 mpk once per week to assess whether 

we could decrease the dosing frequency of EFTX-G12V while 

maintaining efficacy. We found that EFTX-G12V dosed once 

per week decreased overall tumor growth at the same level as 

pan-KRAS dosed twice weekly. However, EFTX-G12V adminis-

tered twice per week showed the highest efficacy (Figure 5D). 

Since GE11C-conjugated siRNAs require continuous EGFR 

expression for effective delivery, we evaluated the longest effi-

cacy experiment (H441 – 28 days) and found no evidence that re-

petitive treatments resulted in decreased EGFR expression 

(Figure 5E).

To better understand the differences in efficacy between pan-

KRAS and EFTX-G12V targeting, we evaluated several signaling 

pathways in SKCO1 and H441 tumors (Figure 5F). In SKCO1 tu-

mors, we found robust pERK T202/Y204 inhibition in the EFTX-

G12V group (61–84%) and inconsistent pERK T202/Y204 inhibition 

in the pan-KRAS group. We also observed robust pEGFR Y1068 

inhibition in the EFTX-G12V group, whereas three of the five tu-

mors in the pan-KRAS group had increased phosphorylated 

EGFR, and all five had elevated levels of total EGFR. We 

observed similar patterns in H441 tumors, where EFTX-G12V 

treatment resulted in more sustained inhibition of both 

pERK T202/Y204 and pEGFR Y1068 compared to pan-KRAS 

(Figure S7A). We compared abundance of the EFTX-G12V and 

pan-KRAS antisense siRNA strands in the tumor tissue and 

found that the siRNA accumulates similarly following multiple 

weeks of dosing (Figures S7B and S7C). Further, we observed 

robust KRAS protein silencing in tumors treated with pan-

KRAS following one injection (Figure S7D). These data indicate

that the differences in efficacy and signaling seen after multi-

week treatments are not due to lack of delivery or KRAS silencing 

by the pan-KRAS siRNA. We further confirmed in vivo KRAS G12V 

transcript selectivity by evaluating MAPK signaling in H358 

(KRAS G12C ) tumors and did not find a change in pERK T202/Y204 

(Figure S7E).

We next probed the SKCO1 tumors for phosphorylation of YAP 

at S127 and Y357, which are markers of YAP activation following 

canonical Hippo signaling and non-canonical FAK/Src signaling, 

respectively. 37,38 We observed a robust reduction in pYAP S127 in 

four of six tumors of the EFTX-G12V group (55–82%) and a mod-

erate reduction in two of five tumors of the pan-KRAS group (14– 

41%), and inconsistent changes in phosphorylation of YAP Y357 in 

both groups. These data indicate potential nuclear translocation 

of YAP and canonical activation of YAP transcriptional activity in 

EFTX-G12V treated tumors. Activation of YAP signaling has 

emerged as a resistance mechanism for KRAS inhibitors, and 

our findings merit additional studies to understand YAP signaling 

following treatment with EFTX-G12V. 39–42

Further, our data indicate potential reactivation of both MAPK 

signaling and RTK signaling via EGFR in the pan-KRAS group 

and sustained pathway inhibition in the EFTX-G12V group, which 

in part may explain the enhanced efficacy in the latter. Addition-

ally, we found that in cells transfected in vitro and assayed over a 

short time course, pEGFR Y1068 was generally not reactivated by 

pan-KRAS or KRAS G12V silencing, indicating that differences 

seen in vivo are likely occurring following multi-week treatment, 

and may in part be attributable to non-cell autonomous effects 

(Figures S8A and S8C).

Based on our findings in the SKCO1 colon tumors regarding 

RTK reactivation via EGFR, we evaluated whether EFTX-G12V 

could be combined with cetuximab, an anti-EGFR targeting anti-

body, to improve efficacy. 43 Compared to the control siRNA 

group, tumor volume was significantly reduced in both EFTX-

G12V (62%) and EFTX-G12V with cetuximab (77%) groups 

(Figure 5G). Similar to prior observations with KRAS G12C inhibi-

tors, 43 the addition of cetuximab resulted in a significant increase 

in tumor regression (Figure 5H). A few of the EFTX-G12V treated 

tumors were growing on treatment, and in those tumors, both 

pEGFR Y1068 and pERK T202/Y204 were elevated compared to the 

control group (Figures 5H and 5I).

Lastly, we completed additional efficacy studies in H727 and 

Capan-2 (PDAC). In H727, by day 11, EFTX-G12V resulted in a 

70% response rate from baseline, and three tumors had a 

complete and durable response (Figure 5J), and by 21 days, 

tumor growth was significantly inhibited by 78% (Figure 5K). We 

additionally evaluated a second control siRNA with the same modi-

fication pattern as EFTX-G12V and did not observe any differences 

in tumor volume between the control siRNAs (Figure S8D). In 

Capan-2, we observed significant tumor growth inhibition after

(B) Quantification of western blot analysis for KRAS G12V (HA) and (C) pERK T202/Y204.

(D) RT-qPCR analysis of DUSP6 mRNA in tumors, normalized to average PBS (n = 6).

(E) Immunohistochemistry for pERK in tumors treated with PBS (24 h) or respective doses (96 h), scale bar 100 μm.

(F) RT-qPCR analysis of KRAS G12V mRNA in tumors, normalized to average PBS (n = 6).

(G) Stem-loop RT-qPCR of EFTX-G12V antisense strand in tumors.

(H) Spearman correlation of EFTX-G12V antisense and KRAS protein expression at 48 h. RT-qPCR analysis of KRAS WT mRNA in (I) kidney, (J) bladder, and (K) skin 

samples. All data shown as mean ± S.E.M. Statistical significance was measured by one-tailed Student’s t test; p-values are indicated as *p < 0.05, **p < 0.01, 

***p < 0.005, ****p < 0.001. See also Figure S3, S4, and S5.
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three weeks of treatment, with a 50% reduction in tumor volume in 

EFTX-G12V group (Figure S8E). Based on these data from diverse 

KRAS G12V models, EFTX-G12V is highly effective at inhibiting tu-

mor growth and consistently outperformed the pan-KRAS siRNA. 

These findings demonstrate proof-of-concept that an EGFR-

directed KRAS G12V mutant-selective siRNA molecule can be suffi-

ciently delivered with significant therapeutic efficacy.

Efficacy of EFTX-G12V in an immunocompetent model 

Next, we compared EFTX-G12V treatment with temporally 

controlled ablation of the KRAS G12V allele in an immunocompe-

tent lung adenocarcinoma model. Previously, genetically 

engineered Kras +/FSFG12Vlox ;Trp53 F/F ;Rosa26-CreERT2 KI/KI ;Tg. 

hUBC-CreERT2 +/T (K G12Vlox PC2) mice were exposed to 

Adeno-FLPo particles to induce lung tumors. 44 Using MPK195 

cell lines obtained from K G12Vlox PC2 tumors, syngeneic 

tumors were established. Mice were treated with either 

GE11C-control siRNA, tamoxifen (to excise the conditional 

KRAS G12Vlox alleles), or EFTX-G12V (Figure 6A). After 3 days 

we observed significant tumor reductions with either tamoxifen 

or EFTX-G12V treatment, and by 7 days EFTX-G12V treatment 

resulted in half the tumors showing significant tumor regression 

(Figures 6B and 6C). Consistent with observations with 

the K G12Vlox PC2 genetic model 44 and a degradation tag 

KRAS G12V -transgenic mouse to model KRAS G12V protein 

degradation, 45 we observed a rapid infiltration of CD8 T cells 

with tamoxifen and EFTX-G12V (Figure 6D). Furthermore, 

consistent with a robust anti-tumor immune response, we 

detected elevated granzyme B expression in several tumor-

localized lymphocyte populations with tamoxifen and EFTX-

G12V treatment (Figure 6E). Similar to our safety study, we 

observed no significant changes in white blood cell differential 

(Figure S9), supporting these immune TME changes are not 

the result of a systemic inflammatory response. Together, in 

the acute setting the therapeutic efficacy of EFTX-G12V can 

nearly phenocopy genetic ablation of KRAS G12V and is associ-

ated with rapid infiltration of anti-tumor immunity that parallels 

that of targeted removal of the KRAS G12V alleles or protein. 44,45

Anti-angiogenic effects of KRAS G12V targeting 

Although, we consistently found pan-KRAS siRNA is more potent 

at reducing KRAS expression than EFTX-G12V in vitro (Figure 1), 

the improved efficacy of EFTX-G12V over pan-KRAS siRNA in vivo 

across models led us to evaluate whether mutant-specific KRAS 

targeting also results in anti-tumor effects in the TME. To deter-

mine the dynamic transcriptional effects of mutant-selective 

versus pan-KRAS targeting, we performed RNA-sequencing in 

H441 and H727 cells. Similar to our findings in the SKCO1 cell

line (Figure 1H), for both cell lines the mutant-selective silencing 

resulted in fewer differentially expressed genes than pan-KRAS 

silencing (Figure 7A). Consistent with known roles of mutant 

KRAS targeting, pre-ranked gene set enrichment analyses 

(GSEA-PR) demonstrated EFTX-G12V led to significant suppres-

sion of pathways associated with MAPK signaling, MYC activation 

and translational initiation (Figures 7B; Tables S2 and S3).

We observed several transcriptional programs more signifi-

cantly suppressed with EFTX-G12V than pan-KRAS siRNA 

(Tables S4 and S5), including several cancer hallmark pathways 

such as epithelial-mesenchymal transition (EMT), myogenesis, 

TGF-β, TNFα/NF-κB, and WNT/Beta-catenin signaling (Figure 

7C). Interestingly, many suppressed pathways within the TME 

were also observed, many of which are associated with tumor 

angiogenesis (Figure 7C). Furthermore, pathways associated 

with tumor hypoxia and VEGFa-VEGFR2 signaling were signifi-

cantly suppressed with EFTX-G12V compared with control siRNA 

(Figures 7D–7F). Although mutant KRAS signaling is known to pro-

mote tumor angiogenesis via VEGFa and chemokine signaling, 46 

the distinction between the effects of pan-KRAS and mutant-se-

lective KRAS targeting on tumor angiogenesis remains poorly 

understood.

We evaluated micro-vessel density (MVD) in vivo in the H727, 

H441, and SKCO1 models after at least 2 weeks of treatment. 

The effects of pan-KRAS siRNA targeting on MVD were largely 

model dependent. In H727, we observed a significant increase 

in MVD (50%), but no significant differences in H441 between 

control and pan-KRAS siRNAs (Figures 7G and 7H). In SKCO1, 

pan-KRAS siRNA targeting resulted in a significant reduction in 

MVD (32%) (Figure 7I). However, in both lung cancer models, 

EFTX-G12V treatment resulted in significant reductions in MVD 

compared with control siRNA (H727: 28%, H441: 37%) 

(Figures 7G and 7H). Consistent with the therapeutic effects 

observed with EFTX-G12V versus pan-KRAS siRNA in SKCO1, 

and when comparing once versus twice weekly EFTX-G12V 

dosing, we observed correspondingly significant MVD reduc-

tions (1x/wk: 48%, 2x/wk: 59%) (Figure 7I). These differences 

in tumor angiogenesis effects observed between pan-KRAS 

and mutant-selective targeting were largely concordant with 

the observed efficacy in each model. Taken together, our find-

ings reveal mutant-selective KRAS G12V silencing may have 

several therapeutic advantages over a pan-KRAS approach, 

including potent inhibition of tumor angiogenesis.

DISCUSSION

Activating mutations in KRAS are among the most common 

oncogenic drivers in cancer and pose a tremendous public

Figure 5. Efficacy of GE11C-conjugated EFTX-G12V siRNA in lung and colon xenograft models

(A) Heatmap showing EGFR expression in non-carcinoma (myeloma) and carcinoma cell lines (* indicates the cell lines used in this study). Data was derived from 

the Cancer Cell Line Encyclopedia (CCLE). Average xenograft tumor volume in athymic mice treated with 5 mpk of GE11C-siRNAs in (B) H727 (n = 10), (C) H441 

(n = 6–9 per group) and (D) SKCO1 (n = 8).

(E) EGFR IHC for H441 xenograft tumors, scale bar 50 μm. (F) Western blot analysis in SKCO1 tumors. Quantification based on cyclophilin B.

(G) Average xenograft tumor volume in mice treated with 5 mpk GE11C-control siRNA (n = 5), 50 mpk cetuximab (n = 5), EFTX-G12V (n = 9) or combination (n = 9).

(H) Waterfall plot of tumor change from baseline after 7 days of treatment. Tumor numbers shown correlate with western blot.

(I) Western blot analysis in tumors, lanes indicated by tumors from waterfall plot in panel J. Quantification based on vinculin.

(J) Waterfall plot of tumor change from baseline after 14 days of treatment (5 mpk). Complete Responses (CR) after treatment shown as hatched bars.

(K) Average tumor volume in mice treated with 5 mpk dose of GE11C-siRNAs (n = 10). Statistical significance was measured by one-way ANOVA; p-values are 

indicated as *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. See also Figure S6.
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health concern. The recent development of effective KRAS inhib-

itors has resulted in a surge in excitement in the field, however, 

numerous obstacles remain. Numerous mechanisms of resis-

tance have been described, including secondary mutations in 

KRAS and/or mediators of MAPK signaling, 47–49 feedback acti-

vation of parallel pathways, 50 YAP/TAZ activation, 51 amplifica-

tion of KRAS or MYC, 13,44 remodeling of the TME, and immune 

escape. 52

Recently, temporally controlled genetically engineered mouse 

models (GEMMs) of lung adenocarcinoma demonstrated that 

genetic ablation of either KRAS G12V or KRAS G12C alleles was suf-

ficient to induce ∼100% complete responses in autochthonous 

tumors. 44 However, use of sotorasib (KRAS G12C ) only resulted 

in a 23% complete response rate, and rapid emergence of 

KRAS amplifications was detected in resistant tumors. Interest-

ingly, treatment interruptions with sotorasib resulted in fewer 

KRAS amplifications and resensitized tumors to the drug, 44 a

treatment strategy recently postulated using simple mathemat-

ical models. 53 These findings suggest that resistance to KRAS 

inhibitors could be prevented if more pronounced inhibition of 

KRAS signaling could be achieved, similar to genetic KRAS abla-

tion. 44 Whether more potent KRAS inhibitors, or a combination of 

modalities that target KRAS at multiple levels (e.g., small mole-

cule inhibitors plus protein degraders or RNAi strategies) will 

result in more robust clinical responses remains unclear. 5,6

Most KRAS inhibitors in development depend on binding to 

the ‘‘OFF’’ GDP-bound state. However, because KRAS G12V mu-

tations have one of the slowest intrinsic hydrolysis rates 

compared to more rapid cyclers, the KRAS G12V GDP-bound 

state is a less frequently available substrate, making for a more 

challenging target for small molecule inhibitors. 54,55 To address 

the significant unmet need for a KRAS G12V selective inhibitor, 

we developed EFTX-G12V, a ligand-conjugated, fully chemically 

modified, mutant-specific siRNA.

Figure 6. Efficacy of GE11C-conjugated EFTX-G12V siRNA in immunocompetent model

(A) Schematic of derivation of MPK195 cells from a K G12Vlox PC2 inducible knockout mouse model and experimental procedure in immunocompetent mice.

(B) Average MPK195 xenograft tumor volume in mice treated with control siR + corn oil (n = 5), control siR + tamoxifen (n = 5) or EFTX-G12V + corn oil (n = 10).

(C) Waterfall plot of tumor change from baseline after 7 days treatment.

(D) Representative CD8a IHC images from tumors obtained at Day 3, scale bar 100 μm. Quantification of CD8a+ cells per high power field at 3 and 6 days of 

treatment.

(E) Spectral flow cytometry of granzyme B+ adaptive immune cells at 6 days following treatment. Statistical significance was measured by two-tailed Student’s t 

test or a two-sided ANOVA multiple comparisons test; p-values are indicated as *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. See also Figure S7.
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Figure 7. Selective KRAS G12V Silencing Inhibits Cancer Hallmarks and Tumor Angiogenesis

(A) Heat maps of differentially expressed genes in cells transfected with 20 nM siRNA.

(B) Pre-ranked Gene Set Enrichment Analysis (GSEA-PR) results. Normalized enrichment score and significance indicated for selected pathways. Adjusted false 

discovery rate (FDR) values are as follows: *FDR<0.25, **FDR<0.1, ***FDR<0.05, ****FDR<0.01.

(C) GSEA-PR results of H441 pan-KRAS versus EFTX-G12V showing normalized enrichment scores. Pathways associated with angiogenesis shown in red.

(D) Enrichment plots from GSEA-PR in H727 cells comparing control siRNA to EFTX-G12V. Pathways selected are involved in angiogenesis including hypoxia via 

HIF1A, (E) hallmark hypoxia, and (F) VEGFa-VEGFR2 signaling.

(G) Representative IHC for CD31 and quantitative micro-vessel density (MVD) for H727, scale bar, 50 μm. Tumors were collected 14 days following treatment with 

siRNAs (5 mpk, twice weekly). MVD was calculated as micro-vessels per higher-power field (HPF).

(H) MVD quantification for H441 (collected day 28) following treatment with siRNAs (5 mpk, twice weekly).

(I) MVD in SKCO1 treated with siRNAs, (5 mpk). Statistical significance was measured by two-tailed Student’s t test; p-values are indicated as *p < 0.05, **p < 0.01, 

***p < 0.005, ****p < 0.001.
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Given the success of GalNAc-conjugated siRNAs for ASGPR-

mediated liver targeting, ligand conjugation has garnered atten-

tion as a potential solution for extrahepatic diseases such as 

cancer. However, there is a critical need to identify specific tu-

mor-targeting moieties. We confirmed that EGFR is highly ex-

pressed in KRAS mutant cancers, and to a lesser extent in 

normal tissues such as skin, bowel, and bladder. We utilized a 

previously described EGFR ligand, GE11, which does not acti-

vate EGFR signaling, 31 and is rapidly internalized upon binding, 

enabling targeted tumor delivery of siRNA payloads. Following 

a structure-activity-relationship screening campaign using fully 

chemically modified siRNAs, we identified a highly KRAS G12V se-

lective siRNA with no apparent off-target effects. After a single 

dose of EFTX-G12V in vivo, phosphorylation of ERK1/2 Y202/T204 

as well as DUSP6 mRNA levels were significantly reduced by

∼80–90%, and inhibition was sustained for up to 96 h.

We observed significant single agent efficacy in lung, colon 

and pancreatic cancer KRAS G12V models, including durable 

complete responses. Although we observed significant clear-

ance of EFTX-G12V in the kidneys (a class effect of ligand-con-

jugated siRNAs) and uptake in high EGFR-expressing tissues, 

there were minimal concerning reductions in KRAS expression 

in these tissues, consistent with a mutant-selective design. 

Furthermore, in preliminary studies using immunocompetent 

mice, we did not observe evidence of toxicity.

In addition to an increased therapeutic window anticipated 

with mutant-selective targeting, we also found that EFTX-G12V 

had improved therapeutic efficacy in vivo compared with a pan-

KRAS RNAi approach. These findings suggest that KRAS WT 

may have anti-tumor effects and pan-KRAS approaches may 

limit efficacy in some contexts. Tumor suppressor roles for 

KRAS WT in tumors harboring activating KRAS mutations have 

been previously described. 14 Loss of the KRAS WT allele through 

genetic mechanisms in GEMMs and clinical samples of KRAS 

mutant disease has been implicated as a common mechanism 

of disease progression and metastasis. 56 In pancreatic cancer, 

KRAS WT was found to prevent disease progression through 

HIPPO-mediated phosphorylation of YAP1 S127 , thereby sup-

pressing activated YAP1 trafficking to the nucleus. 57 Also, ge-

netic deletion of the KRAS WT allele in a KRAS G12D mutant colon 

cancer model rapidly accelerated MAPK signaling, intestinal pro-

liferation and potentiated tumor initiation. 58 In this latter study, 

loss of the KRAS WT allele resulted in robust activation of WNT/ 

Beta-Catenin signaling, 58 consistent with our GSEA analyses 

showing EFTX-G12V suppressed this pathway compared with 

pan-KRAS siRNA targeting. We observed that pan-KRAS siRNA 

targeting more often resulted in EGFR signaling than EFTX-G12V, 

likely contributing to pERK reactivation. Furthermore, our find-

ings that EFTX-G12V significantly inhibited tumor angiogenesis, 

while pan-KRAS siRNA targeting had inconsistent angiogenic ef-

fects, further suggest that mutant-selective targeting has advan-

tages within the TME specifically related to angiogenesis.

Limitations of the study

Our development of EFTX-G12V represents a technological 

advancement in cancer-based RNAi therapeutics and may 

hold promise for a large patient population in critical need of 

new therapeutic options. However, our study does have limita-

tions, and there may be opportunities to realize the full potential

of EFTX-G12V. First, EFTX-G12V does not contain mechanisms 

to enhance an endosomal release, however, there are many 

such efforts to improve RNAi activity in cancer, and thus the po-

tential to enhance depth and duration of target engagement is 

likely yet to be fully realized. 59,60 Second, the EGFR-targeting 

ligand (GE11) has weak affinity for EGFR, and whether more 

potent ligand binders result in improved cancer delivery of 

siRNAs remains an open question in the field. Third, we used 

xenograft and GEMM-derived syngeneic model systems, which 

may not fully predict activity of an RNAi therapeutic in cancer pa-

tients. Finally, while EFTX-G12V has demonstrated significant 

therapeutic effect thus far as a single agent, combination ap-

proaches may be necessary to further enhance its potential effi-

cacy in the clinic. Our data show improved inhibition of MAPK 

signaling in cells treated with both EFTX-G12V and RMC-7977, 

suggesting that targeting KRAS at both the mRNA and protein 

levels with multiple therapeutic modalities may result in 

improved target inhibition and efficacy. Furthermore, we found 

that the combination of EFTX-G12V and cetuximab in a colon 

cancer model in vivo improved the depth and duration of 

response. As new mechanisms of resistance to KRAS inhibition 

emerge, evaluation of EFTX-G12V with combination strategies 

will be critical to fully appreciate the broad clinical utility of this 

modality.
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Requests for resources and reagents should be directed to and will be fulfilled 

by Chad V. Pecot (pecot@email.unc.edu).

Materials availability

All data generated or analyzed during this study are included in this published 
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rials are available upon request.

Data and code availability

• RNA-sequencing datasets have been deposited at the Gene Expres-

sion Omnibus (GEO) as GSE278018, GSE278019 and GSE278020.

• Original western blot images have been deposited at Mendeley (DOI) as 

https://doi.org/10.17632/sbb397pkvc.1. Microscopy data reported in 

this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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NuPAGE Sample Reducing Agent Invitrogen Cat #NP009

RMC-7977 ChemGood Cat #C-1010
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L-glutamine Thermo Fisher Cat# 25030081

BD Horizon Brilliant Stain Buffer BD Biosciences Cat#566349
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Critical commercial assays

Bond Intense R detection system Leica Cat #DS9263

miRNAscope RED Kit Advanced Cell Diagnostics Cat #324600

Quick RNA MiniPrep Zymo Research Kit Zymo Research Cat #R1055
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BCA Assay ThermoFisher Scientific Cat #A55864

SuperSignal West Pico PLUS Thermo Scientific Cat #34580

Restore PLUS Western Blot Stripping 

Buffer

Thermo Scientific Cat #46430
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iScript cDNA Synthesis Kit Bio-Rad Cat #1708891

Deposited data

Cancer Cell Line Encyclopedia https://depmap.org/portal/ccle/

Protein Data Bank https://www.rcsb.org/

NCI-H441 RNA-sequencing This paper GEO: GSE278018

NCI-H727 RNA-sequencing This paper GEO: GSE278019

SKCO-1 RNA-sequencing This paper GEO: GSE278020

Mendeley Raw Western Blot Data This paper https://doi.org/10.17632/sbb397pkvc.1

Experimental models: Cell lines

NCI-H441 ATCC Cat #HTB-174 

RRID: CVCL_1561

NCI-H727 ATCC Cat #CRL-5815 

RRID: CVCL_1584

SKCO1 ATCC Cat #HTB-39 

RRID: CVCL_0626

A431 ATCC Cat #CRL-1555 

RRID: CVCL_0037

HCT116 ATCC Cat #CCL-247

HEK293T ATCC Cat #CRL-3216 

RRID: CVCL_0063

NCI-H358 ATCC Cat #CRL-5807 

RRID: CVCL_1559

Capan-2 ATCC Cat #HTB-80 

RRID: CVCL_0026

MPK195 Barbacid Lab

DOI: 10.1172/JCI164413

LU65 Hata Lab RRID: CVCL_1392

Oligonucleotides

SR-siRNA-KRASG12V-S1 probe Advanced Cell Diagnostics Cat #1206608-S1

miRNAscope positive control probe Advanced Cell Diagnostics Cat #727878-S1

miRNAscope negative control probe Advanced Cell Diagnostics Cat #727888-S1
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Continued
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qPCR Human KRAS For: 

TCCAACAATAGAGGATTCCTACAG

This paper N/A

qPCR Human KRAS Rev: 

CCCTCATTGCACTGTACTCCT

This paper N/A

qPCR Human DUSP6 For: 

TCCCTGAGGCCATTTCTTTCATAGATG

This paper N/A

qPCR Human DUSP6 Rev: 

GCAGCTGACCCATGAAGTTGAAGT

This paper N/A

qPCR Human GAPDH For: 

GGAGCGAGATCCCTCCAAAAT

This paper N/A

qPCR Human GAPDH Rev: 

GGCTGTTGTCATACTTCTCATGG

This paper N/A

qPCR Mouse KRAS For: 

CAAAGACAAGACAGAGAGTGGAG

This paper N/A

qPCR Mouse KRAS Rev: 

TTCAATCTGTACTGTCGGATCTC

This paper N/A

qPCR Mouse GAPDH For: 

AGTATGACTCCACTCACGGCAA

This paper N/A

qPCR Mouse GAPDH Rev: 

TCTCGCTCCTGGAAGATGGT

This paper N/A

qPCR Mouse Beta-Actin For: 

GGTCATCACTATTGGCAACG

This paper N/A

qPCR Mouse Beta-Actin Rev: 

ACGGATGTCAACGTCACACT

This paper N/A

EFTX-G12V SL-RT Primer: 

GTCGTATCCAGTGCAGG 

GTCCGAGGTATTCGCAC 

TGGATACGACTTGTGG

This paper N/A

EFTX-G12V SL-qPCR For: 

ACTATCGCCAACAGCTCC

This paper N/A

EFTX-G12V SL-qPCR Rev: 

CCAGTGCAGGGTCCGAGGTA

This paper N/A

EFTX-G12V SL-qPCR Taqman Probe: 

(6FAM)TGGATACGACTTGTGGT(MGB)

This paper N/A

Pan-KRAS siR SL-RT Primer: 

GTCGTATCCAGTGCAGGGTC 

CGAGGTATTCGCACTGGATA 

CGACCTGTCT

This paper N/A

Pan-KRAS siR SL-qPCR For: 

GCGAGCTCGAGAATATCC

This paper N/A

Pan-KRAS siR SL-qPCR Rev: 

CCAGTGCAGGGTCCGAGGTA

This paper N/A

Pan-KRAS siR SL-qPCR Taqman Probe: 

(6FAM)TGGATACGACCTGTCTC(MGB)

This paper N/A

Recombinant DNA

pBABE-puro-KRAS Genecopoeia Cat #HCP288420-SG01-1-10

LentiCRISPRv1 Addgene Cat #49535

pCL10A-1

pBABE-puromycin

Software and algorithms

LICOR ImageStudio LICOR Bio Version 5.5.4

GraphPad Prism GraphPad Version 10

Organoseg Borten et al. 61

Cary WinUV Agilent Technologies Version 3.0
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions

Cell lines were obtained from the ATCC and routinely tested for mycoplasma using a Lonza MycoAlert Detection kit (LT07-418). H441 

(male), H727 (female) and H358 (male) cells were grown in RPMI-1640 containing 10% Fetal Bovine Serum (FBS) and 1% Penicillin– 

Streptomycin (P-S) antibiotic. SKCO1 (male) cells were grown in Eagle’s Minimum Essential Medium (EMEM) with 10% FBS and 1% 

P-S. Capan2 (male) cells were grown in McCoy’s 5A media with 10% FBS and 1% P-S. A431 (female) KRAS-knockout cells were 

previously described. 18 The murine lung adenocarcinoma MPK195 44 (kindly obtained from the Barbacid lab) cells were grown in Dul-

becco’s Modified Eagle’s Medium (DMEM) media with 10% FBS and 1% P-S. A431 KRAS-knockout cells were transduced with len-

tiviral constructs expressing KRAS:Firefly Luciferase/Renilla Luciferase (Genecopoeia) control and then selected and maintained in 

puromycin (1 μg/ml). LU65 (kindly obtained from the Hata lab) were grown in RPMI-1640 media with 10% FBS and 1% P-S. HCT116 

cells were grown in McCoy’s 5A medium with 10% FBS and 1% P-S. All cell lines were grown at 37 ◦ C with 5% CO 2 /95% air.

A431 cells overexpressing HA-tagged human KRAS wild-type and mutants were generated by first removing the endogenous 

KRAS WT gene using CRISPR/Cas9 and then transducing A431 cells with retroviral particles packaged with the same pBABE-

puro-KRAS plasmids as previously described. 18 In short, a plasmid expressing KRAS sgRNA (atccGTAGTTGGAGCTGGTG 

GCGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT, 

GeneCopoeia, catalogue # HCP288420-SG01-1-10) and a plasmid expressing Cas9 (Addgene Plasmid 49535) were co-trans-

fected into A431 cells via the Neon Electroporation Transfection system (Thermo Fisher Scientific) as per the manufacturer’s in-

structions. CRISPR/Cas9 knockout clones were generated using single cell cloning and screened via PCR and sanger sequencing 

to identify clones with successful removal of the endogenous KRAS gene. One such clone (Clone 2-10) was transduced with retro-

virus expressing either KRAS WT or respective KRAS mutations. Retroviral particles were generated as follows: 1.25 μg pBABE-pu-

romycin retroviral vectors overexpressing each KRAS isoform was cotransfected with 1.25 μg/μl PCL10A pack vector using 6.25 μg 

Lipofectamine 2000 (ThermoFisher Scientific) into HEK293T cells seeded in a 6 cm cell culture plate per the manufacturer’s instruc-

tions. At 24 hours post transfection, the media on the HEK293T cells was changed to fresh media. Viral supernatant was collected

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FlowJo software v10.10.0 BD https://www.flowjo.co/

SpectroFlo software Cytek https://www.omiq.ai/

STAR Dobin et al. 62 

https://github.com/alexdobin/STAR

Version 1.4.0

GENCODE Frankish et al. 63 

https://www.gencodegenes.org/human/ 

releases.html

Release 22 and Release 36

R https://www.R-project.org/ Version 4.2

DESeq2 Love et al. 64 

https://bioconductor.org/packages/ 

release/bioc/html/DESeq2.html

Version 1.36.0

apeglm Zhu et al. 65 

https://bioconductor.org/packages/ 

release/bioc/html/apeglm.html

Version 1.18.0

Human Genome Organization (HUGO)

Database

https://en.wikipedia.org/wiki/HUGO_

Gene_Nomenclature_Committee

Cluster Eisen et al. 66 

http://bonsai.hgc.jp/∼mdehoon/software/ 

cluster/

Version 3.0

Treeview Saldanha, AJ. 67 

http://bonsai.hgc.jp/∼mdehoon/software/ 

cluster/

Version 1.2.0

Gene Set Enrichment Analysis (GSEA) Subramanian et al. 68 

https://www.gsea-msigdb.org/gsea/ 

index.jsp

Version 4.3.2

Molecular Signature Database (MSigDB) Liberzon et al. 69 

https://www.gsea-msigdb.org/gsea/ 

msigdb/index.jsp

Version 2003.2

Salmon Patro et al. 70 

https://github.com/COMBINE-lab/salmon

Version 2.7.6a
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24 hours later and filtered. A431 cells were seeded in 6-well plates and 1 ml of virus was added along with 10 μg/ml polybrene to 

each well to transduce for 48 hours at 37 ◦ C. Virus was removed and 24 hours later selection media containing 1 μg/ml puromycin 

was added to the cells. Cells were considered selected once all non-transduced cells in a control well were killed by the selec-

tion media.

In vivo modeling and tissue processing

Animals were cared for according to guidelines set forth by the American Association for Accreditation of Laboratory Animal Care and 

the U.S. Public Health Service policy on Human Care and Use of Laboratory Animals. Mouse studies were approved and supervised 

by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee. Athymic female nude mice were be-

tween 8-12 weeks of age at the time of injection. H727, H441, SKCO1, H358, MPK195, Capan2 and A431 cells were trypsinized, 

washed and resuspended in Hanks balanced salt solution (HBSS; Gibco), and 1x10 6 (MPK195), 2.5x10 6 (A431), 3x10 6 (H358), 

3.5x10 6 (H727 and H441) or 5x10 6 (SKCO1 and Capan2) cells were injected subcutaneously in a 50 μLs 1:1 mixture of HBSS and 

Matrigel (Corning). MPK195 cells were injected in mixed Sv129/B6 obtained from Jackson Labs (strain: 101043). Caliper measure-

ments of subcutaneous tumor growth were taken twice weekly, and tumor volume was calculated as L x W 2 where L is the greatest 

cross-sectional length across the tumor and W is the length perpendicular to L. Once tumors reached ∼100-150 mm 3 in volume, mice 

were randomly assigned to their corresponding treatment groups. For SKCO1 combination experiment with pharmaceutical grade 

cetuximab, and cetuximab was dosed at 50 mpk twice weekly intraperitoneally.

METHOD DETAILS

siRNA transfections

The sequences of all siRNAs are in Table S6 and as previously described. All siRNA transfection experiments were completed using 

Lipofectamine RNAiMAX (Life Technologies) in culture media without antibiotics following manufacturer instructions.

GE11C conjugation to siRNAs

Conjugation of GE11C to siRNAs was performed at either Avecia or Synoligo. Briefly, 3’ aminated oligonucleotides (ONs) were made 

using an Oligo Synthesizer starting with Amino C6 CPG and purified by AEX HPLC (pH 11) with final purity more than 95%, followed by 

lyophilization to yield a white powder. Bi-functional linker, Mal-PEG3-NHS, was dissolved in anhydrous DMF (concentration 0.5 M). 

Quantified 3’ Aminated ONs were dissolved in 0.1 M PBS (pH 7.4) to 600 OD/ml (20 mg/ml). Every 30 min Mal-PEG3-NHS solution (0.5 

Equiv. of ONs) was added into PBS for conjugation under stirring until the completion of the reaction which was monitored by LC/MS. 

The reaction was stopped by addition of saturated sodium perchlorate solution in acetone and the 3’ Mal-PEG3 modified ONs were 

precipitated and washed twice with acetone followed by evaporation of the organic solvent. The dried Mal-PEG3 modified ONs were 

dissolved in 0.1 M PBS (pH 7.4) to 600 OD/ml, and GE11C peptide (1.2 Equiv of ONs) was introduced into the aqueous solution for 

conjugation which was monitored by LC/MS until the end of reaction. The final reaction solution mixture was applied to RP HPLC for 

purification to obtain the target peptide-ONs conjugates.

Immunohistochemistry and in situ hybridization

Immunohistochemical staining and in situ hybridization were performed in the Pathology Services Core Facility at the University of 

North Carolina at Chapel Hill. Chromogenic IHC for EGFR was performed on formalin-fixed paraffin-embedded tissues that were 

sectioned to 5 mm. Staining was performed on the Leica Bond III Autostainer system. Briefly, slides were dewaxed in Bond Dewax 

solution (Leica, AR9222) and hydrated in Bond Wash solution (Leica, AR9590). Heat induced antigen retrieval was performed at 

100 ◦ C in Bond-Epitope Retrieval solution 1 pH-6.0 (Leica, AR9961) for 20 minutes. After pretreatment, slides were incubated with 

the rabbit monoclonal EGFR primary antibody (Epitomics, Cat # AC-0025) at 1:300 for 30 minutes followed by incubation with No-

volink Polymer (Leica, RE7161) secondary. CD8a IHC was performed using a rabbit monoclonal CD8a primary antibody (Cell 

Signaling, Cat # 98941) at 1:200 for 60 minutes, and phospho-ERK1/2 using a rabbit monoclonal antibody (Cell Signaling Technology, 

Cat # 4376) at 1:200 for 15 minutes. IHC staining detection with 3,3’-diaminobenzidine (DAB) and hematoxylin counterstain of the 

nuclei were performed using the Bond Intense R detection system (Leica, DS9263). Stained slides were dehydrated, and cover slip-

ped with Cytoseal 60 (Epredia, 8310-4). Both positive and negative controls were included in these assays. siRNA-KRAS in situ hy-

bridization was performed on formalin-fixed paraffin-embedded tissues that were sectioned to 5 mm. Slides were dewaxed in Bond 

Dewax solution (Leica, AR9222) and hydrated in Bond Wash solution (Leica, AR9590). Tissues were hybridized with customized SR-

siRNA-KRASG12V-S1 probe (Advanced Cell Diagnostics, 1206608-S1). Signal detection was accomplished using miRNAscope 

RED Kit (Advanced Cell Diagnostics, 324600). A miRNAscope positive control probe (Advanced Cell Diagnostics, 727878-S1) and 

negative control probe (Advanced Cell Diagnostics, 727888-S1) were used to confirm signal and RNA integrity. Stained slides 

were digitized using the Aperio AT2 scanner (Leica Biosystems) at 40x magnification. The images were stored and analyzed in 

the Aperio eSlide Manager (eSM). Images for pERK, CD31 and CD8 IHC were taken in a blinded manner at 20x magnification and 

automated scoring using CellProfiler v4.2.8 was used to determine positive cells per high powered field. To obtain EGFR 

H-scores for the evaluated xenograft models we utilized QuPath v0.5.1.
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Quantitative reverse transcriptase PCR

Total RNA from cell lysates was purified using the Quick RNA MiniPrep Zymo Research Kit (Zymo Research Cat # R1055). For mRNA 

analyses, cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad, Cat # 1708891) as per the manufacturer’s instruc-

tions. Analysis of RNA levels was determined by a StepOnePlus Real-Time PCR System (Applied Biosystems) using 2X PowerUp 

SYBR Green Master Mix (Life Technologies, # 100029284). A list of gene-specific primers used for RT-qPCR is included in the 

key resources table. Reactions were run in duplicate or triplicate. Fold change was calculated using the 2 -ΔΔCT method and exper-

iments were normalized to GAPDH or 18S RNA. Graphs and statistics were generated using GraphPad Prism.

Analysis of PK/PD studies using SL-RT-qPCR

Untreated tumor and plasma samples were used to generate standard curves for detection of EFTX-G12V antisense siRNA. Dilutions 

of EFTX-G12V siRNA were spiked into TRIzol following lysis and dissociation of tissues. Total RNA was isolated and used to generate 

a standard curve using antisense-stem-loop (AS-SL) qPCR. Stem-loop cDNA was synthesized with gene specific stem-loop primers, 

300 ng total RNA, and the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Cat #4366596) following the manufac-

turer’s protocol. Analysis of EFTX-G12V siRNA was determined using TaqMan Universal Master Mix II (Applied Biosystems, Cat 

#4440040) and custom TaqMan primer and probe sets. Primer and probe sequences is included in the key resources table. The stan-

dard curve range of EFTX-G12V in A431-G12V-HA tumors was 0.1 – 183,000 ng/g, for plasma was 1.536 – 24,000 ng/ml and for kid-

ney was 0.1 – 143,312 ng/g. Total RNA from experimental samples was analyzed using this method and total siRNA concentration 

was determined using the appropriate standard curves.

Western blotting

Cells were washed with ice cold PBS, lysed in RIPA buffer (Thermo Scientific Cat # 89901) supplemented with Halt protease and 

phosphatase inhibitor cocktail (Thermo Fisher Scientific Cat # 78440), scraped and collected in pre-chilled tubes. Lysates were 

then sonicated with a Fisherbrand Model 50 Sonic Dismembrator at 30 amp with 2-3 short pulses, repeated twice with lysates 

kept on ice between sonication. Lysates were then cleared by centrifugation at 14,000 g for 10 minutes, and protein concentration 

was determined using a BCA assay (Thermo Scientific Cat # A55864). Standard immunoblotting procedures were followed. Mem-

branes were blocked in either 5% milk in TBS + 0.05% Tween 20 (TBST) or SuperBlock™ Blocking Buffer (Thermo Scientific Cat # 

37581) for one hour at room temperature. Primary antibody dilutions ranged from 1:100 – 1:1,000 and were incubated overnight 

at 4 ◦ C. Antibodies are listed in the key resources table. Membranes were then washed three times with TBS-T and re-probed 

with the appropriate horseradish peroxidase-conjugated secondary antibodies (anti-mouse (#115-035-003) or anti-rabbit (#111-

035-003) from Jackson ImmunoResearch) for one hour at room temperature. Membranes were then washed three times in TBS-T 

and developed using SuperSignal West Pico PLUS (Thermo Scientific Cat # 34580) and visualized with a LI-COR Odyssey Fc Imager. 

Blots were first imaged for phosphorylated targets, then stripped with Restore PLUS Western Blot Stripping Buffer for 10 minutes at 

room temperature. Blots were re-blocked and then incubated with corresponding total protein targets. Band intensities were quan-

tified with ImageStudio. Relative band intensities were calculated in comparison to control siRNA-treated cells at the comparative 

dose and normalized to total protein as measured by vinculin or cyclophilin B expression.

Cell viability experiments

Cell viability in response to siRNA treatment was evaluated with the CellTiter-Glo 2.0 Cell Viability Assay (total cellular ATP assay) 

using the manufacturer’s protocol (Promega). Resuspended cells in culture media were seeded in opaque, white, flat bottom 

96-well plates. All siRNAs (suspended in serum-free media with Lipofectamine RNAiMAX) were tested in triplicate starting at 40 or 

20 nM and progressing through a 10-point serial dilution. Plates were incubated in culture conditions for 5-8 days depending on 

the cell line. For viability readouts, 120 μl of media was removed from each well and an equal volume of CellTiter Glo 2.0 (CTG) Re-

agent was added. Luminescence was measured on a Synergy2 fluorescent plate reader (BioTek). Data was analyzed in 

GraphPad Prism.

Bliss Independence synergy evaluation

For synergy evaluation, H727 and SKCO1 cells were seeded at 7,000 and 20,000 cells, respectively. EFTX-G12V siRNA was added to 

the cells at Day 0, starting at 40 or 24 nM and progressing through an 8-point serial dilution. At Day 3, cells were treated with DMSO or 

serial dilutions of RMC-7977 (starting from 25 or 400 nM), and cell viability readouts were measured at Day 6 using the CellTiter-Glo 

Luminescent Cell Viability Assay (Promega, G7573). A total of 3–4 biological replicates were done for each cell line. Synergy maps 

were generated for each cell line using the Bliss Independence method in SynergyFinder 3.0. 71 Four-parameter drug response curves 

and relative cell viability heatmaps were generated from biological replicates in GraphPad Prism.

Luciferase experiments

Changes in KRAS-Firefly Luciferase expression in response to siRNA treatment were evaluated with the Luc-Pair™ Duo-Luciferase 

HT Assay Kit using the manufacturer’s protocol (Genecopoeia). Resuspended cells in culture media were added to opaque, flat bot-

tom 96-well plates. A-431 KRAS-luciferase cells were seeded at 3,500 cells/well and were counted manually with a hemocytometer. 

All siRNAs (suspended in serum-free media with Lipofectamine RNAiMAX) were tested in triplicate starting at 40 or 20 nM and pro-

gressing through a 10-point serial dilution. Plates were incubated in culture conditions for 3-4 days. For Luciferase readouts, 120 μl of
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media was removed from each well and an equal volume of working FLuc reagent was added and incubated for ten minutes. Lumi-

nescence was measured at 530 nm excitation and 590 nm emission on a Synergy2 fluorescent plate reader (BioTek). An equal volume 

of working RLuc reagent was subsequently added and incubated for an additional five minutes, and luminescence was measured as 

above. The ratio of luminescence from the Firefly Luciferase to the Renilla Luciferase was then calculated. Data was analyzed in 

GraphPad Prism and GI 50 curves were produced. Relative potency was calculated by dividing the GI 50 value of the pan-KRAS treated 

cells with the GI 50 value of the other conditions.

3D spheroid formation assay

H727, H441 and SKCO1 cells were seeded into 12-well plates and treated with 20 nM of siRNAs and Lipofectamine RNAiMAX in 

culture media without antibiotic for 24 hours. Cells were then lifted with Trypsin and counted manually with a hemocytometer. 

5,000 cells from each condition were mixed with 50 μl of cold Matrigel (Corning) and plated onto 24-well glass bottom plates. After 

solidification of the matrix, complete media with 10% FBS and 1% P-S was added to every well. Plates were incubated for 8 days and 

then imaged with a Leica DMi8 inverted microscope (5x objective). Spheroid area and number in each condition were quantified using 

the Organoseg software. 61 Normalized spheroid area and number were used to generate combination index. Graphs were generated 

using GraphPad Prism.

Spectral flow cytometry

Tumors were excised immediately following CO 2 euthanasia. Tumors were cut into 1 mm pieces and digested for 30 mins at 37 ◦ C in 

RPMI-1640 containing 100U/mL Collagenase I (Worthington), 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, 2 mM glutamine, and 5% 

FBS (Avantor). Suspensions were filtered through 70 micron strainers and resuspended in RPMI-1640 with 5% FBS. Cell suspen-

sions were stained for 10 minutes at room temperature for viability with 1:800 LIVE/DEAD Fixable Blue (Invitrogen) plus 1:800 FcR 

block (BioLegend) in PBS protected from light in 96-well v-bottom plates (Costar). Extracellular master mix was prepared 2X in 

BD Horizon Brillant Stain Buffer (BD Bioscience) and added directly to cells suspensions for 30 minutes on ice and protected 

from light. Next cells were washed once with FACS (PBS plus 2% FBS) and fixed/permeabilized using the Foxp3/Transcription factor 

kit per manufacturer protocols (eBioscience). Intracellular targets were stained for 45 minutes on ice and protected from light. Cell 

pellets were washed and collected on a Cytek Aurora 5L spectral flow cytometer, unmixed, and analyzed using FlowJo v10 (BD). 

For cytometry analysis, viable single cell lymphocytes were identified using forward and side scatter gates followed by doublet 

discrimination and negative staining for LIVE/DEAD Fixable Blue. Cytotoxic immune populations were defined as the frequency of 

granzyme B (GzmB) within the following populations: tumor reactive CD8 T cells (CD45 + CD3 + CD8a+CD44+PD1+), tumor reactive 

CD4 (CD45 + CD3 + CD4+Foxp3-CD44+PD1+), mature NK (CD45 + CD3-NK1.1+CD11b+), NKT (CD45 + CD3 + CD4-CD8a-NK1.1+) and 

γδT cells (CD45 + CD3 + CD4-CD8a-NK1.1-). Statistical comparisons by testing for normality and equal variance followed by two-

way ANOVA with Tukey’s multiple comparisons. Significance was defined as ****p < 0.0001, ***p < 0.005, **p < 0.01, and *p < 0.05.

Pharmacokinetic and pharmacodynamic studies in tumors and tissues

A431-G12V-HA, H441 and SKCO1 xenograft tumors and murine somatic tissues were collected from a cross-sectional necropsy of 

athymic mice treated with GE11-conjugated siRNAs and snap-frozen in liquid nitrogen. All tumors and tissues were stored at -80 ◦ C 

until processed. For RNA, tumors and murine somatic tissues were dissected on dry ice and RNA was isolated from 40-60 mg of 

tissue using Trizol® Reagent (Thermo Fisher Scientific Cat # 15596026) according to manufacturer instructions with the following 

alterations: tumors were lysed in 1 ml of Trizol® Reagent using a bead mill (speed: 3.7 m/s, time: 00:30 s, frequency: 7 times, incu-

bating at 4 ◦ C for 2 min between each pulse), 30 μg of RNase free glycogen was added to the isolated aqueous layer as a co-precip-

itant, RNA was precipitated in an equal volume of isopropanol at -20 ◦ C for 20 mins, RNA pellet was washed twice in 75% EtOH, and 

resuspended in nuclease-free water.

For protein, tumors were dissected on dry ice and protein was isolated from 40-60 mg of tissue using RIPA buffer (Thermo Scientific 

Cat # 89901) supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific Cat # 78440). Tumors 

were lysed in 600 ml lysis buffer using a bead mill (speed: 2.1 m/s, time: 00:30 s, incubating at 4 ◦ C for 2 min between each pulse) 

until tumors were fully lysed. Lysates were incubated at 4 ◦ C on a rocker for 20 minutes with full inversion every 5 minutes, followed 

by a brief ten second vortex, and then incubated at room temperature for 5 minutes. Lysates were then sonicated with a Fisherbrand 

Model 50 Sonic Dismembrator at 30 amp with 2-3 short pulses, repeated twice with lysates kept on ice between sonication. Lysates 

were then cleared by centrifugation at 14,000 g for 10 minutes, and protein concentration was determined using a BCA assay 

(Thermo Scientific Cat # A55864). Immunoblotting was completed as previously described.

KRAS G12V siRNA duplex and conjugation modeling

We used 3DNA http://web.x3dna.org/index.php/fibermodel 72 to build the RNA KRAS G12V AS: S A-form duplex model and UCSF 

Chimera 73 to incorporate all chemical modifications: 5’-[mg]*[2flc]*[mc][ma][ma][2flc][ma][mg][mc][mu][mc][mc][ma][2fla][mc][2flu] 

[ma][mc][mc][ma][mc]*[ma]*[ma]-3’ : 5’-[mg]*[mu]*[mg][mg][mu][ma][2flg][mu][2flu][2flg][2flg][ma][mg][mc][mu][mg][mu][mu][mg]*[mg]* 

[mc]-amC6-3’ (m=2’-O-methyl-ribonucleotide, 2fl=2’-deoxy-2’-fluoro-ribonucleotide, and *=phosphorothioate). The GE11C ligand 

amino acid sequence is YHWYGYTPQNVIC. The 3D model of the peptide was generated and energy-minimized with PEP-FOLD4 

https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD4/. 74 The 3D rendering of the fully chemically modified KRAS G12V siRNA 

duplex with the conjugated GE11C EGFR peptide is depicted in Figure 3. Nitrogen, oxygen, hydrogen, 2’-O-methyl carbon, 2’-fluorine
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and PS and Cys-13 sulfur atoms are colored in blue, red, white, yellow, green, and goldenrod, respectively. The color codes for nucle-

otide, linker and peptide carbon atoms are as follows: AS siRNA, light blue; S siRNA, beige; Mal-PEG3-NHS-aminohexyl linker, pink; 

and peptide, purple.

UV melting experiments

RNA duplexes were prepared by mixing solutions with equimolar concentrations of two strands (1.0 μM) in 1 mL of 0.25× PBS buffer, 

34 mM NaCl, 0.7 mM KCl, 2.5 mM Na 2 HPO 4 and 0.5 mM KH 2 PO 4 , pH 7.4. Prior to running UV melting experiments, strands were 

annealed by heating samples in a water bath to 85 ◦ C for 2 min, followed by slow cooling to room temperature and 4C overnight. 

All measurements were made using a Cary 100 Bio UV− vis spectrophotometer (Agilent Technologies Inc., Santa Clara, CA), equip-

ped with a temperature controlled multicell holder (6 × 6) and a Cary temperature controller. Absorbance versus temperature profiles 

were acquired by monitoring the absorbance at 260 nm (A260) between 15 ◦ C and 90 ◦ C with a ramp rate of 0.5 ◦ C per minute. A 260 

values were measured at 0.5 ◦ C intervals and melting temperatures T m were extracted as the maxima of the first derivatives of 

smoothened melting curves (filter 5) using the Cary WinUV software (Version 3.0, Agilent Technologies Inc.). T m values are averages 

of three independent experiments.

Modeling of the seed region of G12V AS-siRNA paired with G12V, wt-KRAS or G12D mRNA and bound to Argonaute2 

Coordinates of the crystal structure of human Argonaute2 (Ago2) bound to guide and passenger RNA were retrieved from the Protein 

Data Bank http://www.rcsb: PDB ID 4w5t. 75 Bases of the guide strand were changed to those in the sequence of the G12V siRNA 

(AS1 – AS14; Figure 2) along with backbone modifications in the UCSF Chimera suite, 73 using the swapna and build/modify functions. 

Those of the passenger strand were replaced with bases that are either fully complementary to the guide seed region, AS5 G12V A:U 

(Figure 2B), or feature a single mismatch pair, AS5 wt A:G (Figure 2C) and AS5 G12D A:A (Figure 2D). All water molecules were 

removed and the KRAS G12V , -WT and -G12D Ago2 ‘‘guide siRNA:mRNA’’ complex models were subjected to energy minimization 

with Amber (ff14) using the steepest descent and conjugate gradient modes until convergence. 76 In Figure 2, carbon atoms of res-

idues paired opposite KRAS AS5 A, U (G12V), G (WT) and A (G12D), are highlighted in red, goldenrod, and purple, respectively. Car-

bon atoms of the remaining residues in the guide and target strands are colored in light blue and tan, respectively, and H-bonds are 

shown as thin solid lines. 2’-O-Methyl groups and 2’-fluorine modifications of the guide siRNA are shown in ball-and-stick mode and 

are colored in yellow (carbon), white (hydrogen) and green (fluorine). Ago2 is depicted as a ribbon cartoon in gray with some key side 

chains that interact with the RNA duplex in the seed region highlighted in ball-and-stick mode: K709, R710, R714, and R761 that con-

tact AS6 to AS8 phosphate groups, and I365, I756 and Q757 that line the minor groove. I365 is associated with a strong kink between 

AS6 and AS7 that is indicated by bold solid lines in Figure 2B.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics and statistical analyses of RNA sequencing data of the SKCO1 cell line

Illumina RNA sequencing (RNA-Seq) FASTQ paired-end files produced by the Illumina NextSeq 2000 sequencing system [URL: Illu-

mina] were, for each sample, jointly used. The alignment to the hg38 human reference genome was performed through STAR 2.7.6a 

(–outSAMunmapped Within; –outSMtype BAM Unsorted; –quantMode TranscriptomeSAM). 62 The quantification of transcripts was 

carried out using Salmon 1.4.0, 70 based on the human transcriptome defined by GENCODE, Release 22. 63 Then, through a summary 

process, it was created a cohort-wide matrix showing the expression of the complete set of gene IDs of all samples. Thereafter, sam-

ples were processed, in order to remove gene IDs with lower average counts across sequenced samples, thus restricting the expres-

sion matrix to gene IDs (of all gene types) belonging to the upper fourth decile (value rounded by excess) of the two comparisons of 

interest (control siRNA vs. G12V siRNA and control siRNA vs. pan-KRAS siRNA), separately. We performed a differential expression 

analysis of rounded count data through DESeq2 (1.36.0), 64 within the R (4.2) software environment. Specifically, we collected base-

Mean, p-value, and adjusted p-value (padj) using the ‘results’ function of DESeq2, with alpha = 0.0001 (here treated as an a priori 

optimal threshold for statistical significance). Following authors’ recommendations, we separately calculated gene fold changes 

(log2 fold change) through the apeglm (1.18.0) R package, 65 to produce shrinkage estimators of effect sizes. Using the apeglm 

log2 fold changes and standard padj of DESeq2, we created volcano plots having, on the x-axis, log2(fold change) and, on the 

y-axis, -log10(padj) for all gene IDs tested. Null values for p-value and padj, according to the DESeq2 estimates, were replaced 

by the lowest values found in the analysis, conservatively. These plots were created using GraphPad Prism 9 [URL: GraphPad] 

and after removing genes (g(i)), i = 1,2,…, N, such that padj(g(i)) = NA, with N cardinality of the set of genes whose padj does not 

belong to the [0,1] interval.

Since the SKCO1 cell line is heterozygous for KRAS G12V , transcription from both alleles is typically expected. To generate esti-

mates of the abundance of KRAS WT and KRAS G12V transcripts of our samples in different experimental conditions (control siRNA, 

pan-KRAS siRNA, and G12V siRNA), we used this algorithm: 1) we identified the nucleotide that is mutated between WT and 

G12V on the human chromosome 12 (chr12:25,245,350), in the region where KRAS is located. Then, in the BAM files of all samples 

(each based on the merging of Illumina R1 and R2 data), we quantified how many reads supported the WT (having a cytosine (C) in 

that position) and how many the G12V (having an adenine (A) in that position) KRAS forms; 2) we used these values to proportionally 

split the total KRAS counts between WT and G12V, separately in each sample. Then, while keeping the count values of all other genes 

unmodified, we produced a new count matrix having the same number of columns/samples, but with an extra row (one entry for
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KRAS-WT and one for KRAS-G12V). After this split, we ran again DESeq2 on rounded count values and produced additional output 

variables, and in particular distinct padj and fold changes for the two KRAS forms. This simplified and approximate statistical 

approach assesses the two KRAS forms among all other analyzed genes, which are treated as mere genomic background of the 

analysis. Due to the smaller baseline values produced by the split before applying DESeq2, this model tends to be statistically con-

servative for the gene of interest (here, KRAS). We displayed these additional KRAS results, after removing the results of all other 

genes, by means of volcano plots with one data point for KRAS WT and one for KRAS G12V , both for the comparison control siRNA 

vs. pan-KRAS siRNA and for control siRNA vs. G12V siRNA.

Bioinformatics and statistical analyses of RNA-Seq data of the H441 and H727 cell lines

RNA-Seq count data, starting from the Illumina FASTQ files (NovaSeq 6000 sequencer), were produced similar to what we described 

for the SKCO1 cell line (see the previous paragraph), except for the use of the human transcriptome defined by GENCODE, Release 

36. 63 Thereafter, samples were processed, in order to remove gene IDs with lower total counts across sequenced samples, thus re-

stricting the expression matrix to gene IDs having at least 10 counts across the nine (3 Control (Cont), 3 pan-KRAS, and 3 G12V) 

experimental samples of each cell line. Then, we analyzed our data as done for SKCO1 cells using DESeq2 (see the previous para-

graph), with the difference that alpha was set to 0.01, used as a threshold of statistical significance for the heat maps (see below). 

In the end, only coding genes recognized by the Human Genome Organization (HUGO) [URL: HUGO] and with an adjusted 

p-value < 0.01 were kept. Those genes were log2-transformed, mean centered, hierarchically clustered with respect to genes (matrix 

rows) using Cluster 3.0 77,66 and visualized with the Java-based program TreeView. 67 We then moved to a gene set-based statistical 

approach, using data normalized in a way that is more suitable for this type of analyses. Specifically, the normalization procedure was 

such that quantile (0.75) = 1000; null and missing values were removed before using the R quantile function.

Following current recommendations of the Gene Set Enrichment Analysis (GSEA) team 68 about minimum sample sizes for stan-

dard GSEA, we opted for a GSEA-Pre-Ranked (PR) approach, which is based on pre-ranked gene metrics, by means of GSEA 

v.4.3.2. The chosen metric was signal-to-noise (S2N). To make all cases tractable, we introduced a perturbation of 1.00E-7 for 

the two standard deviations used in the S2N formulas of each gene (all calculations being based on normalized counts), therefore 

eliminating NaN instances of S2N. Similar to what we did before, only HUGO coding genes were kept in the GSEA PR analysis, 

thus using a submatrix (with 18,930 genes) of the normalized gene expression matrix. Overall, this procedure took matrixes, which 

were (18930, 6) and made them into vectors (18930, 1) of S2N values. These vectors were used as GSEA-PR inputs through ranked 

list (rnk) files, where genes were sorted alphabetically. The two tested collections were Hallmark (H) and Curated gene sets (C2) of the 

Molecular Signatures Database (MSigDB), 69 both of version v2003.2. These two gene set collections were provided as input through 

gene matrix transposed (gmt) files. The GSEA-PR comparisons assessed a) the enrichment of EFTX-G12V vs. Control and b) the 

enrichment of EFTX-G12V vs. pan-KRAS, so that EFTX-G12V was always the experimental group for which enrichments or deple-

tions were tested. We considered enriched a gene set whose genes are predominantly more highly expressed in EFTX-G12V and 

depleted (i.e., suppressed or negatively enriched) a gene set whose genes are predominantly less expressed in EFTX-G12V vs. 

the compared groups (Cont and pan-KRAS, respectively). GSEA-PR was run using the gene symbol identifiers with no collapsing. 

The enrichment statistic was weighted. The cutoff thresholds for gene set sizes were 15 and 500, at the lower and upper end, respec-

tively. The enrichment score (ES) of a gene set measures the level of enrichment of that gene set; the normalized enrichment score 

(NES) has the same goal while accounting for differences in gene set sizes and for the presence of other gene sets used in the same 

analysis. 68 We reported as statistically relevant all gene sets having a false discovery rate (FDR) q-value < 0.25, assuming this 

threshold as the highest acceptable for broad post-GSEA-PR assessments. Among relevant or significant gene sets, we performed 

further refinements according to their relationships with the findings described in this article. Besides, we calculated the leading 

edges (LEs) of statistically significant/relevant gene sets, which correspond to all genes up to the inflection points of the enrichment 

plots, which drive the enrichment or depletion. Finally, we collected, for gene sets of interest: i) gene ranks (using the formula Rank = 

GSEA_PR_Rank + 1), ii) gene orders, in that gene set, after the ranking, iii) LE status (Yes/No), iv) pre-ranked metric, and v) running ES. 

This data allowed us to replot the enrichment plots and pre-ranked metric plots, using GraphPad Prism 10 [URL: GraphPad], to 

enhance the visibility of plotted variables. The results of our GSEA PR analyses are shown in Tables S2, S3, S4, and S5. In these 

tables, when the header reads ‘C (Control) vs. T (Treatment)’, it means that we assessed the enrichment of T with respect to C. There-

fore, if a gene set has positive enrichment score (ES) and normalized enrichment score (NES), that gene set is enriched in T, while if a 

gene set has negative ES and NES, it is suppressed in T (i.e., it is negatively enriched in T or, equivalently, it is enriched in C).

Statistical analyses

Between 5 and 10 mice were assigned per treatment group; this sample size gave approximately 80% power to detect a 50% reduc-

tion in tumor weight with 95% confidence. Results for each group were compared using Student’s t-test (for comparisons of two 

groups) and analysis of variance (ANOVA) (for multiple group comparisons). The multiple hypothesis testing correction of these sta-

tistical results was made using the FDR. A p-value less than 0.05 was deemed statistically significant. For values that were not nor-

mally distributed (as determined by the Kolmogorov-Smirnov test), the Mann–Whitney rank sum test was used. All statistical tests 

were performed using GraphPad Prism 10 (GraphPad Software, Inc., San Diego, CA). All line and bar graphs represent mean values, 

and all error bars represent standard error of the mean (S.E.M.).
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