
Introduction

Antisense oligonucleotides (ASOs) regulate cellular gene expression by hybridizing to a 
complementary RNA sequence and subsequently activating the RNase H1 degradation 
pathway. Recent advances in oligomer chemical modifications have paved the way for 
next-generation ASOs with much greater stability in vivo, showing great potential for 
ASOs as a cancer therapeutic. EFTX ASO is a selective and potent ASO sequence 
currently under development and designed to knockdown mutant KRAS expression for 
cancer treatment. In this study, we characterize the efficacy of a screen of variously 
modified pan-KRAS ASOs to downregulate KRAS mRNA in representative cancer cell 
lines. We found that free-uptake of the EFTX ASO sequence, which simultaneously 
targeted the four most common KRAS mutations (G12C, G12V, G12D, and G13D), much 
less potently knocks down KRAS mRNA than the G12C mutant-specific EFTX ASO 
sequence (G12C ASO). Further modifying G12C ASO with locked nucleic acid(s) (LNAs) 
significantly reduced G12C mutant KRAS expression in vitro while moderately sparing 
wild type activity. Future studies aim to uncover the clinical potential of the G12C ASO 
sequence by continuing to improve its KRAS knockdown efficiency in vitro, wild type 
KRAS sparing capacity, and evaluating its ability to modulate growth in lung tumor 
microenvironments. 
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Conclusion 

The KRAS proto-oncogene is one of the most critical genes in cancer, yet it has also 
proven to be among the most elusive. A remarkable 30 percent of lung, 45 percent of 
colon, and 98 percent of pancreatic cancers are driven by KRAS mutations. KRAS 
missense mutations occur most often in codons 12, 13, or 61; in particular, the 
mutations G12C, G12V, G12D, and G13D account for approximately 80 percent of all 
KRAS mutations (Fig 1). These KRAS mutations are commonly found in various cancers 
as they constitutively activate the MAPK/ERK signaling pathway via 3 phosphorylation, 
resulting in uncontrolled cell growth, proliferation, and ultimately the promotion of 
nearly all cancer hallmarks.1 Although kinase inhibitors have revolutionized treatment of 
some subsets of cancers, the lack of such success in KRAS-mutant cancers has led KRAS 
itself to remain widely regarded as “undruggable.” However, in 2019, G12C inhibitors 
showed potent activity in lung cancers.2,3 Although G12C inhibitors are limited to only 
11 percent of KRAS mutations (Fig. 1), they demonstrate proof of principle that KRAS is 
druggable and is an attractive target. Antisense oligonucleotides (ASOs) are 
approximately 13-15 nucleotide single-stranded sequences that bind to complementary 
mRNA sequences and recruit RNase H1 for mRNA degradation. Over the past several 
years, second-generation ASOs have shown remarkable promise as a stable therapeutic 
that circumvents many issues of nano-carrier delivery of RNAi, including intravascular 
degradation and immune stimulation. Recent developments in ASO chemical 
modifications permit greater ASO stability and administration in vivo without a nano-
carrier assistance. Second generation ASOs incorporate phosphorothioate (PS) into the 
ASO backbone and are composed of a central deoxynucleotide region and flanking 
nucleotides with 2ʹ-methoxy-ethyl (MOE) modifications. As further evidenced by the 
first FDA-approved ASO drug,4 the feasibility and promise of therapeutic ASO 
technology is rapidly entering the clinic. Although such RNAi success has not yet 
reached cancer therapeutics, the Pecot Lab has nano-carrier-free technology that we 
believe will allow us to close this gap.

Cell Lines and ASOs
MiaPaca2 and H358 were the representative pancreatic and lung human cancer cell lines, 
respectively, selected for this study as both harbor the KRAS G12C mutation, are KRAS-
dependent, and have previously demonstrated to productively uptake free ASOs.5 A431 is a 
genetically engineered non-KRAS-dependent human skin cancer cell line that harbors wild 
type KRAS and has exhibited superior ASO uptake capabilities in previous studies by the 
Pecot Lab, serving as the wild type KRAS positive control cell line. A431 G12C is the A431 
cell line harboring G12C mutant KRAS and serving as the KRAS G12C positive control cell 
line. We obtained A431 and MiaPaca2 cells from the American Type Culture Collection 
(ATCC) and H358 cells from the National Cancer Institute (NCI). The A431 G12C cell line was 
made by the Pecot Lab by transducing A431 cells with the retroviral pBABE KRAS G12C 
construct. Cells were cultured in complete media: DMEM + Puro 1.0 (A431 and A431 
G12C), or RPMI 1640 (H358), or DMEM (MiaPaca2). EFTX ASO and G12C ASO were both 
synthesized by AXO Science (AXO) and Integrated DNA Technologies (IDT), and the 
noncoding (NC) ASO negative control was synthesized by AXO scientific. The ASOs ordered 
from both companies were identical in sequence and relevant modifications. The Ionis 
KRAS positive control is the AZD4785 ASO sequence developed by Ionis Pharmaceuticals 
which has previously demonstrated to potently knockdown G12C mutant KRAS mRNA.6 In 
our study, the eight constrained ethyl modifications of AZD4785 were all substituted with 
LNAs.

The Pecot Lab’s RNAi technology is based on exploiting the fact that 98 percent of KRAS mutations 
occur at codons 12 and 13. By choosing the four most common KRAS mutations in nature (G12D, 
G12C, G12V, and G13D) the Pecot Lab created an RNAi library targeting an “artificial sequence” 
that contains all four mutations and never occurs naturally. We may utilize this sequence to 
synthesize an ASO that can effectively target mutated KRAS while sparing wild-type KRAS in 
healthy tissue to reduce potential toxic side-effects. Our project sought to investigate the efficacy 
of two sequent variants of the EFTX ASO sequence—a pan-KRAS EFTX ASO (targets G12C, G12D, 
G12V, or G13D KRAS mutants) and mutant specific G12C ASO—to inhibit the G12C KRAS mutation, 
which is commonly found in lung cancer. 

Figure 5. KRAS protein wild type sparing by a panel of antisense oligonucleotides in A431 cells. The 
luciferase reporter assay was performed in a White-Bottom 96-Well Plate and each well was seeded with 5 
x 103 cells from of A431 cells expressing wild type KRAS (A431 WT) or the KRAS G12C mutation (A431 
G12C). For both lines, cells were treated with 5 µM of AXO NC ASO, AXO EFTX ASO G12C ASO, G12C ASO-L, 
G12C ASO-LL, G12C ASO-LLL, or no ASO. The readout was performed using the Luc-Pair Duo-Luciferase HT 
Assay 72 hours post-treatment at 90% cell confluency. * P<0.05.

Figure 1. KRAS mutation frequency in major cancers. Missense mutation frequency for all cancers 
based on n=43,596 cancers from the COSMIC Database. Also shown are the most common missense 
KRAS mutations for lung, colon and pancreatic cancers.

Methodology

Figure 2. KRAS mRNA knockdown by a panel of antisense oligonucleotides across several time points in 
G12C mutant KRAS cell lines. Cell lines were seeded onto glass-bottom plates and dosed with 3.3 µM of AXO 
NC ASO, AXO EFTX ASO or IDT EFTX ASO. Relative expression of KRAS mRNA was observed at 48 hour, 72 
hour, and 96 hour timepoints post-transfection and was normalized to the housekeeping gene 18S rRNA. The 
qPCR data reflects the range and mean from three replicates of each treatment group and the error bars 
represent the standard error of mean (SEM).

Figure 3. KRAS mRNA knockdown comparison between EFTX ASO and G12C ASO. Cell lines were seeded 
onto glass-bottom plates and dosed with 3.3 µM of AXO NC (noncoding) ASO, AXO EFTX ASO, IDT EFTX ASO, 
or IDT G12C ASO. Relative expression of KRAS mRNA was observed at a 48 hour, 72 hour, and 96 hour
timepoints post-transfection and was normalized to the housekeeping gene 18S rRNA. The qPCR data reflects 
the range and mean from three replicates of each treatment group and the error bars represent the SEM.

Figure 4. KRAS mRNA knockdown by a panel of antisense oligonucleotides in MiaPaca2 cells. For the 
time-dependent response (7A), cell lines were seeded onto glass-bottom plates and dosed with 5 µM of 
AXO NC ASO, AXO EFTX ASO G12C ASO, G12C ASO-L, G12C ASO-LL, G12C ASO-LLL or Ionis KRAS, and 
harvested at a 48 hour and 72 hour timepoint post-transfection. For the dose-dependent response (7B), 
the same procedure was followed but with cells treated with a 1 µM or 5 µM dose of the ASO panel and 
harvested 72 hours post-transfection. All KRAS expressions were normalized to the housekeeping gene 18S 
rRNA. The qPCR data reflects the range and mean from three replicates of each treatment group and the 
error bars represent the standard error of mean (SEM).

Results

Our study focused on evaluating the capacity of EFTX-EFTX ASO to reduce the expression of 
the KRAS G12C mutant in representative cancer cells. Through a series of ASO transfections 
in A431 G12C, MiaPaca2 and H358 cell lines, we identified that EFTX ASO only mildly 
knocked down KRAS mRNA expression and required further chemical modifications to 
improve binding affinity prior to testing in in vivo models (Fig. 4). We identified the mutant-
specific G12C ASO to have slightly greater potency than EFTX ASO, and, thus, we narrowed 
our focus to further develop the G12C ASO sequence (Fig. 5). Our data suggests that 
modifying G12C ASO with LNAs significantly improved the KRAS knockdown while 
moderately sparing wild type KRAS expression, with G12C ASO-LL currently being our lead 
candidate for further development as it balances selective, potent mutant KRAS 
knockdown efficiency and limited drug toxicity (Fig. 6, 7). Future work should explore how 
to enhance the potency of G12C ASO-LL by improving productive cellular uptake of ASOs 
using a cancer ligand conjugate approach. After achieving effective downstream inhibition 
of mutant KRAS signaling in cancer cell lines, we will look towards evaluating the 
attenuation of MAP kinase signaling following ASO treatment of an optimal dose and 
investigating how our candidate ASO reduces tumor growth in in vivo models. Continued 
work to circumvent issues in the cellular trafficking, selective mRNA binding, and 
productive uptake of ASOs in cancer cells by applying next-generation chemical 
modifications of antisense drugs will help to advance the field of pharmacology, expanding 
the potential for novel lung cancer therapeutics.

We characterized the KRAS knockdown efficiency of various chemically modified versions 
of EFTX ASO (pan-KRAS) and G12C ASO (mutant specific) across a panel of human cancer 
cell lines containing the KRAS G12C mutation to evaluate how we may further develop the 
sequences to more effectively downregulate KRAS mRNA. Investigating how to improve the 
efficacy of ASOs through relevant chemical and sequence modification will expand the 
clinical potential of ASO technology as a cancer therapeutic. Here, we report the 
comparative knockdown efficiency between EFTX ASO and G12C ASO, effectiveness of LNA 
modifications to optimize G12C ASO KRAS knockdown efficiency, and ability of the G12C 
ASO sequence to spare wild type KRAS expression.
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