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SUMMARY

RNA interference (RNAi) is a promising new approach for oncogene targeting for 
“undruggable’’ targets, including KRAS. Here, we present a protocol for evalu-

ating mutant selectivity of KRAS small interfering RNAs (siRNAs) using orthog-

onal in vitro and in vivo techniques. We describe steps for structural analyses 
of siRNA complexes, utilization of isogenic HA- and luciferase-tagged cell lines, 
RNA sequencing for off-target effects, and in vivo evaluation of mutant selec-

tivity. This protocol has potential application for the development of mutant-spe-

cific siRNA molecules targeting any oncogene.

For complete details on the use and execution of this protocol, please refer to 
Stanland et al. 1

BEFORE YOU BEGIN

The protocol has been optimized to fully evaluate mutant selectivity of an oncogene-targeting, fully 

chemically modified siRNA molecule using cancer cell lines in vitro and in vivo. The protocol begins 

from Part 1, which uses thermodynamic and computational modeling to evaluate the structural basis 

of mutant selectivity. These techniques evaluate both siRNA:mRNA duplex structures, and siRNA 

loading into Ago2, which is critical for RNAi activity.

Part 2 describes the use of isogenic lung cancer cell lines expressing either KRAS wild type (WT) or 

mutant KRAS G12V containing either an HA tag or dual firefly/renilla luciferase reporter for in vitro 

evaluation of the siRNA. These isogenic cell lines enable highly specific evaluation of either the WT 

or mutant KRAS allele and are also used in Part 4, which describes in vivo evaluation of the siRNA. We 

used the A431 cell line for several key reasons. First, this cell line is not dependent on endogenous 

KRAS for survival and therefore tolerated CRISPR/Cas9-mediated knockout of the endogenous 

KRAS allele and engineered expression of HA-tags and luciferase reporters. Second, for in vivo de-

livery, our siRNA molecules are conjugated to GE11, an EGFR linear ligand, which enables targeted 

delivery to tumor tissue with minimal delivery to somatic tissues. 2–5 Importantly, A431 cells express 

uniformly high levels of EGFR, ensuring that these cell lines can be used in vivo for pharmacokinetic 

and pharmacodynamic studies.
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Part 3 details RNA-sequencing performed in a heterozygous colon cancer cell line, SKCO1, to 

explore potential off-target effects. We performed RNA-sequencing at an early timepoint following 

in vitro transfection to minimize differential gene expression due to downstream effects of silencing 

KRAS. Further, we used a heterozygous cell line to enable clear delineation of KRAS WT and G12V 

alleles.

As discussed above, Part 4 describes in vivo evaluation of a GE11-conjugated siRNA following sys-

temic administration into mice bearing isogenic HA-tagged A431 G12V tumors. 6,7 An additional 

advantage of this model system was that we were able to distinguish on-target mutant KRAS 

G12V silencing and eliminate background signal from murine KRAS WT stroma.

Innovation

This protocol specifically describes how to evaluate the mutant selectivity of an oncogene-targeting 

siRNA. Current protocols to evaluate target silencing and efficacy of siRNAs do not include specific 

steps to evaluate mutant selectivity versus wild type targeting. Mutant specific oncogene targeting 

is emerging as an important aspect of therapeutics as wild type signaling can be important in normal 

tissues. Therefore, maintaining wild type signaling while inhibiting mutant oncogene signaling spe-

cifically can improve efficacy and limit off-tissue toxicities associated with pan-targeting therapies.

Additionally, this protocol uses customized cell line models that express KRAS WT and KRAS G12V 

with either an HA tag, or fused to a luciferase reporter. These cell line models enable simple and 

clear delineation of the WT and G12V alleles and can be used for in vitro and in vivo evaluations. 

Most cancer cell lines have heterozygous genotypes, and traditional assays including RT-qPCR 

and western blotting will result in the detection of both the WT and mutated oncogene alleles. 

The cell lines were built using custom retroviral and lentiviral constructs in a non-KRAS dependent 

cell line. These models are critical for the protocols described, and unique models could be built us-

ing other oncogenes to evaluate novel siRNA designs.

Institutional permissions

For all experiments performed using mice, it is critical to obtain appropriate approvals and follow all 

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 or other relevant 

institutions. All mouse studies included in the development of this protocol were approved and su-

pervised by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Com-

mittee (IACUC).

Generation of isogenic A431-HA- and A431-Luc-tagged cells engineered to express either 

KRAS WT or mutant KRAS G12V

Timing: 6 weeks

Because most cancer cell lines have a heterozygous KRAS WT/G12V genotype, RT-qPCR analyses using 

KRAS primers or western blotting using KRAS antibodies will result in detection of both the WT and 

G12V mutant mRNAs or proteins, respectively. Thus, we focused on the creation of an isogenic 

model system containing either KRAS WT or G12V mutations. In this section we describe the devel-

opment of isogenic A431 cell lines engineered to express either KRAS WT or mutant KRAS G12V 

tagged with HA or a dual luciferase reporter. 8 These cells are invaluable to evaluating the mutant 

selectivity of the siRNA and can be used in vitro and in vivo. The HA tag enables us to probe for 

HA by western blot rather than KRAS which improves western blot quality. Furthermore, the HA 

tag enables us to probe for the KRAS protein expressed in the tumor cells only following excision 

of tumors in vivo, thereby eliminating any background from mouse stromal cells within the tumor 

microenvironment. Lastly, the removal of the endogenous KRAS allele ensures that we only 

evaluate the exogenous KRAS alleles by RT-qPCR.
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We selected A431 lung cancer cells for these models because these cells are not dependent on 

endogenous KRAS for survival, allowing us to generate viable CRISPR/Cas9 knockout clones. These 

cells additionally have excellent growth properties in vitro and show excellent tumorigenicity rates in 

mouse models, making them a useful model for many experiments.

1. Generate KRAS(WT/G12V)-HA retroviral particles (Figure 1A).

a. Bring cell culture media (DMEM + 10% FBS), 13 PBS, Trypsin-EDTA and Opti-MEM media to 37 ◦ C.

b. Aspirate medium in flasks and wash HEK293T cells once with 13 PBS (5 mL for T75 and 10 mL 

for T175) to remove residual medium.

c. Add Trypsin-EDTA to cells (2 mL for T75 and 4 mL for T175) and place in incubator for 2 minutes.

d. Add 10 mL culture media to flask and mix by pipetting up and down. Move cell mixture to 

conical tube.

Note: Complete transfections in cell media without antibiotics added as antibiotics can 

negatively affect transfection efficiency. If cells are normally cultured in media with antibi-

otics, seed cells for transfections in antibiotic-free media.

Figure 1. Schematic showing generation of isogenic A431-HA tagged cells engineered to express either KRAS WT 

or mutant KRAS G12V

(A) Generation of retrovirus by transfecting HEK293T cells with vector expressing either KRAS-WT-HA or KRAS-G12V-

HA and retroviral packaging vector. Retroviral particles are collected and filtered.

(B) Generation of lentivirus by transfection HEK293T cells with vector expressing either KRAS-WT-Luc or KRAS-G12V-

Luc and lentiviral packaging vectors. Lentiviral particles are collected and filtered.

(C) Remove endogenous KRAS from A431 cells using CRISPR/Cas9 and identify clones by single cell cloning and PCR.

(D) Transduce A431 KRAS knockout cells with retrovirus/lentivirus and select for successfully transduced cells using 

puromycin resulting in A431 cells expressing KRAS with HA tag or luciferase reporter.
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e. Count cell concentration using a Hemocytometer.

Alternatives: Countess Automated Cell Counter.

f. Seed 300,000 HEK293T cells per 6 cm dish.

g. Incubate at 37 ◦ C for 24 hours to allow cells to attach to plate.

h. In one Eppendorf tube, dilute 6.25 μL Lipofectamine 2000 reagent in 125 μL Opti-MEM.

i. In a separate Eppendorf tube, dilute DNA in 125 μL Opti-MEM.

i. Add 1.25 μg pBABE-puromycin-KRAS WT or pBABE-puromycin-KRAS G12V, and 

1.25 μg/μL PCL10A packaging vector.

j. Add diluted DNA to diluted Lipofectamine 2000 reagent at 1:1 ratio.

k. Incubate at 18 ◦ C–24 ◦ C for 5 minutes.

l. Add transfection complex to pre-seeded dish with HEK293T cells.

m. Incubate at 37 ◦ C for 24 hours.

n. After 24 hours, aspirate the medium and discard. Replace with 5 mL fresh medium without 

antibiotics.

CRITICAL: Perform this step gently to avoid detachment of the HEK293T cells from the 

plate.

o. After an additional 24 hours, remove and keep the medium (this is the viral supernatant) and 

replace with 5 mL fresh medium without antibiotics. Keep the viral supernatant at 4 ◦ C.

Note: Viral supernatant can be stored for short-term at 4 ◦ C however once all viral superna-

tant is collected, it should be stored at − 80 ◦ C to preserve quality.

p. After an additional 24 hours, remove and keep the medium combining with medium collected 

from the prior day.

q. Pass viral supernatant through a 0.45 μM filter.

r. Store at 4 ◦ C short-term and − 80 ◦ C long-term.

2. Generate KRAS(WT/G12V)-Luc lentiviral particles (Figure 1B).

a. Seed HEK293T cells by following protocol outlined in Step 1a–1g.

b. In one Eppendorf tube, dilute 8 μL Lipofectamine 2000 reagent in 125 μL Opti-MEM.

c. In a separate Eppendorf tube, dilute 2.4 μg DNA in 125 μL Opti-MEM.

i. Mix plasmids in a ratio of 4 (transfer – lentiviral vector with KRAS(WT/G12V)-Luc): 3 (pack-

aging – psPAX2): 1 (membrane protein – pMD2.G) based on DNA weight.

Note: We used custom designed KRAS(WT/G12V) ORF expression clones in lentiviral vectors 

with N-terminally fused firefly luc + SV40-RLUC-IRES-puromycin provided by GeneCopoeia.

d. Add diluted DNA to diluted Lipofectamine 2000, incubate at 18 ◦ C–24 ◦ C for 20 minutes.

e. Add transfection complex to pre-seeded dish with HEK293T cells.

f. Incubate at 37 ◦ C for 24 hours.

g. After 24 hours, aspirate the medium and discard. Replace with 5 mL fresh medium without 

antibiotics.

h. Harvest and filter lentivirus following protocol outlined in Steps 1o–1r.

3. Generate KRAS knockout A431 cells using CRISPR/Cas9 (Figure 1C).

a. Culture A431 cells in DMEM + 10% FBS to be 70%–90% confluent on the day of transfection.

b. Cotransfect plasmid expressing KRAS sgRNA (atccGTAGTTGGAGC- TGGTGGCGTGTTTTA 

GAGCTAGAAATAGCAAGTTAA- AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG- GCA 

CCGAGTCGGTGCTTTTTT), and plasmid expressing Cas9 with Neon Electroporation Trans-

fection system following manufacturer’s instructions for adherent cells.

c. Incubate transfected cells at 37 ◦ C in medium without antibiotics for 72 hours.
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d. Complete single cell cloning to isolate successful KRAS knockout cells using limiting dilution 

cloning methods in a 96-well plate.

e. Screen single cell clones by PCR followed by Sanger sequencing for loss of the endogenous 

KRAS allele.

4. Transduce cells with retrovirus (KRAS-HA) or lentivirus (KRAS-Luc) (Figure 1D).

a. Bring cell culture medium (DMEM + 10% FBS), 13 PBS, Trypsin-EDTA and Opti-MEM medium 

to 37 ◦ C.

b. Aspirate medium in flasks and wash cells once with 13 PBS (5 mL for T75 and 10 mL for T175) 

to remove residual medium.

c. Add Trypsin-EDTA to cells (2 mL for T75 and 4 mL for T175) and place in incubator for

2 minutes.

d. Add 10 mL culture medium to flask and mix by pipetting up and down. Move cell mixture to 

conical tube.

e. Count cell concentration using a Hemocytometer.

f. Seed 300,000 A431 cells per well of a 6-well plate and incubate at 37 ◦ C for 24 hours to allow 

cells to attach to plate.

g. After 24 hours, add 1 mL of filtered retrovirus (either KRAS-WT-HA or KRAS-G12V-HA) or 1 mL 

of filtered lentivirus (either KRAS-WT-Luc or KRAS-G12V-Luc) and 10 μg/mL Polybrene to each 

well.

h. Incubate at 37 ◦ C for 48 hours.

i. Aspirate medium and replace with 3 mL fresh medium. Incubate at 37 ◦ C for 24 hours.

j. Aspirate medium and replace with 3 mL fresh medium containing 1 μg/mL puromycin to select 

for transduced cells. Continue to aspirate and add fresh medium containing puromycin every 

3–4 days until all non-transduced cells are killed by selection medium (approximately 1–

2 weeks).

k. Maintain cell cultures under 1 μg/mL puromycin selection during passaging to maintain exog-

enous retroviral or lentiviral expression system. Troubleshooting 1.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-vinculin; use at 1:1,000 Sigma Cat #V9264; RRID: AB_10603627

Rabbit polyclonal anti-pERK1/2 (Y202/T204); use at 1:500 Cell Signaling Technology Cat #4370; RRID: AB_2315112

Rabbit polyclonal anti-ERK1/2; use at 1:500 Cell Signaling Technology Cat #9102; RRID: AB_330744

Anti-mouse HRP; use at 1:5,000 Jackson ImmunoResearch Cat #115-035-003; RRID: AB_10015289

Anti-rabbit HRP; use at 1:1,000 Jackson ImmunoResearch Cat #111-035-003; RRID: AB_2313567

Mouse monoclonal anti-KRAS; use at 1:500 Sigma Cat #WH0003845M1; RRID: AB_1842235

Rabbit monoclonal anti-HA; use at 1:500 Cell Signaling Technology Cat #3724; RRID: AB_1549585

Chemicals, peptides, and recombinant proteins

MycoAlert Detection Kit Thermo Fisher Scientific Cat #LT07-418

RPMI-1640 Gibco Cat #11875-093

Dulbecco’s Modified Eagle’s Medium (DMEM) Gibco Cat #11965-052

Fetal Bovine Serum (FBS) Avantor Cat #89510-185

Eagle’s Minimum Essential Medium (EMEM) ATCC Cat #30-2003

Phosphate Buffered Saline (PBS) Gibco Cat #14190-250

Hanks’ Balanced Salt Solution (HBSS) Gibco Cat #14025076

Puromycin Gibco Cat #A11138-03

Lipofectamine RNAiMAX Invitrogen Cat #13778150

Lipofectamine 2000 Thermo Fisher Scientific Cat #11668027

Polybrene Sigma Cat #TR-1003

RIPA Buffer Thermo Fisher Scientific Cat #89901

HALT protease and phosphatase inhibitor cocktail Thermo Fisher Scientific Cat #78440

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SuperBlock Blocking Buffer Thermo Fisher Scientific Cat #37581

TBS Thermo Scientific Cat #J60877.K3

Tween 20 Thermo Scientific Cat #BP337-500

Tris-Glycine Running Buffer Thermo Scientific Cat #J61006.K2

Matrigel Corning Cat #CLS354234

Dry Milk Powder RPI Cat #M17200-500

Bovine Serum Albumin Fisher Cat #BP9703100

Trypsin-EDTA Gibco Cat #25200-072

Isopropanol 99.6% Thermo Scientific Cat# AC423835000

Molecular Grade Ethanol (200 Proof) Fisher BioReagents Cat# BP2818500

Trizol Thermo Fisher Scientific Cat #15596026

Glycogen Thermo Fisher Scientific Cat #AMG9510

Tris-Glycine SDS Invitrogen Cat #LC2676

NuPAGE Sample Reducing Agent Invitrogen Cat #NP009

Precision Plus Protein Dual Color Standards Bio-Rad Cat# 1610374

Opti-MEM Gibco Cat #31985-070

Penicillin-Streptomycin Cytiva HyClone Cat #SV30010

Critical commercial assays

Quick RNA MiniPrep Zymo Research Kit Zymo Research Cat #R1055

23 PowerUp SYBR Green Master Mix Life Technologies Cat #100029284

BCA Assay Thermo Fisher Scientific Cat #A55864

SuperSignal West Pico PLUS Thermo Scientific Cat #34580

Restore PLUS Western Blot Stripping Buffer Thermo Scientific Cat #46430

iBlot2 Transfer Stacks Invitrogen Cat# IB23001

MicroWell 96-Well, Nunclon Delta-Treated, 
Flat-Bottom Microplate

Thermo Fisher Scientific Cat# 136101

Pre-Filled Bead Mill Tubes Fisherbrand Cat# 15-340-153

Novex Tris-Glycine Mini Protein Gels Invitrogen Cat #XP04202BOX

Luc-Pair Duo-Luciferase HT Assay Kit Genecopoeia Cat #LF015

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/

SKCO-1 RNA-sequencing Stanland et al. 1 GEO: GSE278020

Experimental models: Cell lines

SKCO1 ATCC Cat #HTB-39; RRID: CVCL_0626

A431 ATCC Cat #CRL-1555; RRID: CVCL_0037

HEK293T ATCC Cat #CRL-3216 
RRID: CVCL_0063

Oligonucleotides

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

(Continued on next page)
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MATERIALS AND EQUIPMENT

This buffer should be stored at 4 ◦ C. For 5% milk or BSA in 13 TBST, add 5 grams of skim milk powder 

or BSA per 100 mL 13 TBST and mix thoroughly.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

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

KRAS knockout PCR primer For and sequencing: 
TTGTGAGGGTGTGCTACAGG

This paper N/A

KRAS knockout PCR primer Rev: 
AGGCCATCAACATCCAAGAGATTAC

This paper N/A

Recombinant DNA

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

LentiCRISPRv1 Addgene Cat #49535

pCL10A-1 Bio-Techne Cat #NBP2-29542

pBABE-puromycin Addgene Cat #21836

pMD2.G Addgene Cat #12259

KRAS WT Luc Vector Genecopoeia Custom Design

KRAS G12V Luc Vector Genecopoeia Custom Design

KRAS sgRNA Genecopoeia Cat# HCP288420-SG01-1-10

psPAX2 Addgene Cat #12260

Software and algorithms

LICOR ImageStudio LICOR Bio Version 5.5.4

GraphPad Prism GraphPad Version 10

Cary WinUV Agilent Technologies Version 3.0

STAR Dobin et al. 9 https://github.com/ 
alexdobin/STAR

Version 1.4.0

GENCODE Frankish et al. 10 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. 11 https://bioconductor.org/ 
packages/release/bioc/html/DESeq2.html

Version 1.36.0

apeglm Zhu et al. 12 https://bioconductor.org/ 
packages/release/bioc/html/apeglm.html

Version 1.18.0

Other

Promega GloMax Explorer Plate Reader Promega GM3500

LICOR Odyssey Fc Imager LICORbio

Illumina NextSeq 2000 Illumina

iBlot2 Dry Blotting System Invitrogen IB21001

Neon Transfection System Thermo Fisher Scientific NEON1S

Fisherbrand Model 50 Sonic Dismembrator Fisher Scientific FB50110

Fisherbrand Bead Mill 24 Homogenizer Fisher Scientific 15-340-163

Cary 100 Bio UV-vis Spectrophotometer Agilent Technologies

Quant Studio 3 Thermo Fisher Scientific

13 TBST

Reagent Final concentration Amount

Tween-20 0.1% 1 mL

103 TBS 13 100 mL

Ultrapure water N/A 900 mL

ll
OPEN ACCESS

STAR Protocols 7, 104323, March 20, 2026 7

Protocol

https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://www.gencodegenes.org/human/releases.html
https://www.gencodegenes.org/human/releases.html
https://www.r-project.org/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/apeglm.html
https://bioconductor.org/packages/release/bioc/html/apeglm.html


STEP-BY-STEP METHOD DETAILS

Thermodynamics and modeling of siRNA

Timing: 1 week

In this section we describe the use of UV melting experiments and in silico modeling to evaluate the 

mutant specificity of the KRAS siRNA at the structural level. We provide details to investigate and 

visualize the structure of the mutant selective siRNA and its’ binding within Argonaute2 (Ago2) to 

the target KRAS mRNA.

1. UV melting experiments.

a. Prepare RNA duplexes by mixing solution to a final volume of 1 mL and pH of 7.4.

b. Anneal strands by heating samples in a water bath to 85 ◦ C for 2 minutes, followed by slow 

cooling to 18 ◦ C–24 ◦ C and 4 ◦ C for 16–24 hours.

c. Measure absorbance using a Cary 100 Bio UV-vis spectrophotometer (Agilent Technologies, 

INC.) equipped with a temperature controlled multicell holder and a Cary temperature 

controller.

i. Acquire absorbance versus temperature profiles by monitoring the absorbance at 260 nm 

between 15 and 90 ◦ C with a ramp rate of 0.5 ◦ C per minute.

ii. Measure A260 values at 0.5 ◦ C intervals and extract melting temperatures T M as the max-

ima of the first derivatives of smoothened melting curves (filter 5) using the Cary WinUV 

software (Version 3.0, Agilent Technologies Inc.). Run in triplicate. Troubleshooting 2.

iii. Plot the melting temperature data using GraphPad Prism.

2. Modeling of the seed region of the antisense siRNA paired with mRNA and bound to Argonaute2

a. Retrieve the coordinates of the crystal structure of human Argonaute2 (Ago2) bound to guide 

and passenger RNAs from the Protein Data Bank http://www.rscb: PDB ID 4w5t. 13

b. Change the bases of the guide strand to those in the sequence of the siRNA that you are eval-

uating along with backbone modifications in the UCSF Chimera Suite using the swapna and 

build/modify functions. 14

c. Change the passenger strand bases with bases that are either fully complementary to the 

guide seed region, or feature a single mismatch pair.

Note: To evaluate the KRAS G12V siRNA, we changed the AS5 base to match either the G12V 

(A:U), WT (A:G), or G12D (A:A) mRNA.

d. Remove water molecules and complete energy minimization with Amber (ffl4) using the steep-

est descent and conjugate gradient modes until convergence for the Ago2 “guide siR-

NA:mRNA’’ complex models. 15

Evaluation of mutant selectivity in vitro with RT-qPCR, western blotting, and luciferase 

assays

Timing: 3 weeks

Reagent Final concentration

Target mRNA Strand 1 μM

Antisense siRNA Strand 1 μM

13 PBS Buffer 0.253

NaCl 34 mM

KCl 0.7 mM

Na 2 HPO 4 2.5 mM

KH2PO4 0.5 mM
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In this section we describe in vitro evaluation of siRNA mutant selectivity using A431-HA and A431-

Luc cell lines to differentiate between KRAS WT and KRAS G12V targeting. We describe in vitro 

transfection of fully modified siRNAs, collection and preparation of samples and analysis by RT-

qPCR and western blotting, as well as luciferase experiments. Below we provide a flow chart to 

describe this process (Figure 2).

3. Passage A431-KRAS(WT/G12V)-HA cells so that they will be 40%–60% confluent on the day of 

transfection.

Note: It is important that cells are at a low passage number (under 25), and 40%–60% 

confluent to ensure that the cells are in growth phase and will take up the transfection com-

plexes. Both high passage number and high confluence can negatively affect transfection 

efficiency.

4. Bring cell culture media (DMEM + 10% FBS), 13 PBS, Trypsin-EDTA and Opti-MEM media to 

37 ◦ C.

siRNA Transfection 
Complex

A431-HA Cells

Mix in 6 cm dish

48 hours

72 hours

RNA Isolation, cDNA 
Synthesis and RT-qPCR

Protein Isolation and 
Immunoblotting

A

siRNA Transfection 
Complex

A431-Luc Cells

40
 n

M

B

PB
S

N
o 

si
RN

A

Serial dilutions of siRNA in 
opaque 96-well plate
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Figure 2. Schematic showing experimental workflow for in vitro evaluation of KRAS G12V selective siRNA

(A) A431-KRAS(G12V/WT)-HA cells are transfected with siRNA using Lipofectamine RNAiMAX. After 48 hours, cells are 

collected and RNA is isolated and used for RT-qPCR for relevant mRNA targets. After 72 hours, cells are collected and 

protein is isolated and used for immunoblotting for relevant targets.

(B) A431-KRAS(WT/G12V)-Luc cells are transfected with a serial dilution of siRNA using Lipofectamine RNAiMAX and 

plated into 96-well opaque plates. After 3 days, firefly and renilla luciferase readouts are completed.
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Note: Complete transfections in cell media without antibiotics added as antibiotics can nega-

tively affect transfection efficiency. If cells are normally cultured in media with antibiotics, seed 

cells for transfections in antibiotic-free media.

5. Prepare transfection complexes by pipetting Opti-MEM into Eppendorf tube.

6. Pipette appropriate volume of siRNA into each Eppendorf tube, mix by inverting.

7. Incubate at 18 ◦ C–24 ◦ C for 5 minutes, then add Lipofectamine RNAiMAX reagent to each Eppen-

dorf tube and mix by inverting.

8. Continue mixing by inversion every 10–15 minutes for 45–60 minutes at 18 ◦ C–24 ◦ C.

9. While transfection complexes are incubating, prepare cells.

a. Aspirate medium in flasks and wash cells once with 13 PBS (5 mL for T75 and 10 mL for T175) 

to remove residual medium.

b. Add Trypsin-EDTA to cells (2 mL for T75 and 4 mL for T175) and place in incubator for 3– 

5 minutes.

c. Add 10 mL culture medium to flask and mix by pipetting up and down. Move cell mixture to 

conical tube.

d. Count cell concentration using a Hemocytometer.

Alternatives: Countess Automated Cell Counter.

e. Prepare cells at concentration to plate 600,000 cells/6 cm dish for 48-hour collection and 

500,000 cells/6 cm dish for 72-hour collection.

Note: These cell counts are optimized for A431 cells. Other cell types may require different 

starting cell number to account for different growth rates.

10. After transfection complexes have incubated for 45–60 minutes, add 500 μL to each 6 cm plate.

11. Add appropriate volume of cells to each plate and swirl plate to mix.

12. Place in incubator and allow cells to settle and transfection to occur.

13. After 6 hours, aspirate medium and replace with fresh medium (DMEM + 10% FBS without an-

tibiotics). Incubate until specified collection time. For RNA, collect cells after 48 hours and pro-

ceed to Step 14. For protein, collect cells after 72 hours and proceed to Step 23.

14. After 48 hours, aspirate media from plates (13) and wash cells with 1 mL 13 PBS, brought to 

18 ◦ C–24 ◦ C.

15. Add 350 μL RNA lysis buffer (Zymo Quick-RNA Miniprep Kit) directly to plates.

16. Allow cell lysis at 18 ◦ C–24 ◦ C for 3–5 minutes, then use a cell scraper to mechanically lift cells 

from the plate.

17. Transfer cell lysis mixture to a fresh Eppendorf tube.

18. Follow manufacturer’s instructions (Zymo Quick-RNA Miniprep Kit) to isolate RNA and elute in 

100 μL DNase/RNase-free water.

Alternatives: Qiagen RNeasy Kit.

19. Quantify eluted RNA with a Nanodrop or other plate reader.

Reagent 48-Hour collection (RNA) 72-Hour collection (protein)

A431-HA Cells 600,000 500,000

Opti-MEM Medium 500 μL 500 μL

Lipofectamine RNAiMAX 23 siRNA volume (μL) 23 siRNA volume (μL)

siRNA (20 μM) Variable (μL, 20 nM) Variable (μL, 20 nM)

DMEM 4 mL 4 mL
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Note: We use the Quantifluor RNA kit and the Promega Explorer plate reader.

20. Prepare master mix and RNA using the iScript cDNA Synthesis kit following manufacturer’s 

instructions.

Alternatives: SuperScript cDNA Kit, High-Capacity cDNA Reverse Transfection Kit.

21. Following iScript cDNA Synthesis kit instructions, run in thermal cycler for: 5 minutes at 25 ◦ C, 

20 minutes at 46 ◦ C, 1 minute at 95 ◦ C hold at 4 ◦ C. cDNA can be stored at 4 ◦ C short-term and

− 20 ◦ C long-term.

22. Run RT-qPCR for relative mRNA quantification using PowerUp SYBR Green master mix.

a. Follow manufacturer’s instructions to prepare master mix.

b. Run plates on QuantStudio or another RT-qPCR machine.

c. Include genes of interest (ex. KRAS and DUSP6) and endogenous control gene (GAPDH).

Note: We evaluated KRAS and DUSP6, which is a downstream transcriptional target of ERK1/2 

and can be used to evaluate silencing of ERK1/2.

CRITICAL: Identify an endogenous control gene that displays < 3 Ct change across all sam-

ples for downstream data analysis.

d. Use 2 -ΔΔCT analysis method to calculate mRNA fold change. 16

23. After 72 hours, prepare 13 RIPA lysis with Halt phosphatase and protease inhibitors and keep 

on ice.

Note: Prepare enough buffer for 100 μL per sample.

24. Aspirate medium from plates (Step 13) and wash cells with 1 mL ice cold 13 PBS.

25. Add 100 μL RIPA lysis buffer and place plates on ice or for 5 minutes.

26. Use a cell scraper to mechanically lift cells from the plate.

27. Transfer cell lysis mixture to a fresh Eppendorf tube and keep on ice.

28. Sonicate lysate at 30 amp with 2–3 short pulses (∼2 seconds). Repeat twice and keep samples on 

ice between sonicating.

Note: We use the Fisherbrand Model 50 Sonic Dismembrator.

29. Clear lysates by centrifugation at 14,000 3 g for 10 minutes at 4 ◦ C.

Reagent Amount per Reaction

53 iScript Reaction Mix 4 μL

iScript Reverse Transcriptase 1 μL

RNA 500–1000 ng

Water Fill to 20 μL

Reagent Amount per Reaction

PowerUp SYBR Green 5 μL

Forward Primer (10 μM) 1 μL

Reverse Primer (10 μM) 1 μL

Nuclease Free Water 1 μL

cDNA (5 ng/μL) 2 μL
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30. Collect supernatant and move to a fresh Eppendorf tube.

31. Quantify protein lysate concentration using BCA.

Alternatives: Bradford Assay.

32. Follow standard immunoblotting procedures with the following guidelines. Troubleshooting 3.

a. Run SDS-PAGE gel with samples collected in Step 30.

b. Transfer protein to membrane using iBlot2 following manufacturer’s instructions.

Alternatives: Trans-Blot Turbo System.

c. Block membranes with SuperBlock Blocking Buffer for one hour at 18 ◦ C–24 ◦ C.

Alternatives: Block in 5% milk in 13 TBST.

d. Incubate in primary antibody dilutions for 16–24 hours at 4 ◦ C.

CRITICAL: For phosphorylated antibodies, make primary antibody dilutions in 5% BSA in 

13 TBST.

e. Wash membranes 3 times for 10 minutes each with 13 TBST at 18 ◦ C–24 ◦ C.

f. Incubate with secondary antibodies conjugated to horseradish peroxidase for one hour at 

18 ◦ C–24 ◦ C at 1:5000 dilution in 5% BSA in 13 TBST.

g. Wash membranes 3 times for 10 minutes each with 13 TBST 18 ◦ C–24 ◦ C.

h. Visualize blots with LI-COR Odyssey Fc Imager or another imager using SuperSignal West 

Pico PLUS chemiluminescent substrate.

Alternatives: Use SuperSignal West Femto substrate for maximum sensitivity.

i. Quantify densitometries using LICOR ImageStudio or other software and normalize to 

endogenous control (ex. vinculin) to determine relative protein expression.

j. If imaging phosphorylated proteins followed by total protein (ex. Phospho-ERK > total ERK), 

wash membrane once with 13 TBST for 10 minutes at 18 ◦ C–24 ◦ C after imaging to remove 

chemiluminescent substrate.

k. Strip bound antibodies for 10 minutes at 18 ◦ C–24 ◦ C with Restore PLUS Western Blot Strip-

ping Buffer.

l. Resume at Step 32c and re-block membrane.

m. Probe with total protein primary antibody and follow Steps 32h–32i to image.

33. For luciferase experiments, passage A431-KRAS(WT/G12V)-Luc cells so they will be 40%–60% 

confluent on the day of transfection.

34. Bring cell culture media (DMEM + 10% FBS), 13 PBS, Trypsin-EDTA and Opti-MEM media to 

37 ◦ C.

35. Prepare 40 nM transfection complexes to use for highest dose and serial dilutions.

Note: Complete transfections in cell media without antibiotics added as antibiotics can nega-

tively affect transfection efficiency. If cells are normally cultured in media with antibiotics, seed 

cells for transfections in antibiotic-free media.

a. Calculate total number of wells and double volume for each siRNA at 40 nM in triplicate and 

make master mix for each siRNA to be tested.

b. Pipette Opti-MEM medium into Eppendorf tube.

c. Pipette volume of siRNA into each Eppendorf tube, mix by inverting.
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d. Incubate at 18 ◦ C–24 ◦ C for 5 minutes, then add Lipofectamine RNAiMAX reagent to each Ep-

pendorf tube and mix by inverting.

e. Continue mixing by inversion every 10–15 minutes for 45–60 minutes at 18 ◦ C–24 ◦ C.

36. Prepare extra RNAiMAX only Opti-MEM media for serial dilution by assuming a ratio of 0.4 μL 

RNAiMAX to 60 μL SFM. Calculate total number of wells assuming 8 siRNA dilutions and a no 

siRNA control.

37. Pipette 60 μL SFM into all wells (columns 2–10) of 96-well plate except for first column (column 1) 

which will be 40 nM.

CRITICAL: Fill the outermost wells of the plate with PBS to limit evaporation of test mate-

rial (Figure 2B).

38. While transfection complex is incubating, prepare A431-Luc cells.

a. Aspirate medium in flasks and wash cells once with 13 PBS (5 mL for T75 and 10 mL for T175) 

to remove residual medium.

b. Add Trypsin-EDTA to cells (2 mL for T75 and 4 mL for T175) and place in incubator for 

3–5 minutes.

c. Add 10 mL culture medium to flask and mix by pipetting up and down. Move cell mixture to 

conical tube.

d. Count cell concentration using a Hemocytometer or other cell counting device.

e. Prepare cells at concentration to plate 3,500 cells per well in 140 μL media.

39. After transfection complexes have been incubating for 45–60 minutes, add 120 μL of 40 nM 

siRNA to column 1 of 96-well plate.

40. Complete a 1:2 dilution series in columns 2–9 (Figure 2B) using a multichannel pipette. Remove 

60 μL from column 1 and mix with SFM in column 2 by pipetting up and down. Remove 60 μL 

from column 2 and mix with SFM in column 3. Repeat this dilution until column 9 and discard 

the last 60 μL, leaving column 10 with SFM only.

41. Add 140 μL cell mixture to each well using a multichannel pipette.

42. Incubate plates for 3 days at 37 ◦ C.

43. For luciferase readout, use Luc-Pair Duo-Luciferase HT Assay Kit or other luciferase assay kit.

a. Thaw Luc-HT buffer 1 (Firefly) and Luc-HT buffer 2 (Renilla) at 18 ◦ C–24 ◦ C, and vortex for 3–5 

seconds.

b. Calculate final volume of buffers required for experiment using 45 μL per well.

c. Dilute Luc-HT buffer 1 and Luc-HT buffer 2 1:5 in sterile water to make 13 solutions.

d. Prepare FLuc and RLuc working solution by diluting Luc-HT Substrate 1 and Luc-HT Substrate 

2 into 13 Luc-HT buffer 1 and 13 Luc-HT buffer 2, respectively. Mix the tube by inverting.

e. Incubate at 5 minutes at 18 ◦ C–24 ◦ C protected from light.

f. Remove plates from incubator and remove 120 μL of media from each well.

g. Add equal volume (45 μL) of FLuc working solution to each well.

h. Place the plate on a rocking platform or orbital shaker with gentle rocking/shaking for 10 mi-

nutes at 18 ◦ C–24 ◦ C. Ensure that plate is protected from light.

i. Measure FLuc with plate reader at 530 nm excitation and 590 nm emission.

j. After measurement is complete, add equal volume (45 μL) RLuc working solution.

k. Incubate at 18 ◦ C–24 ◦ C for 2–5 minutes and proceed with same measurement on plate 

reader.

Reagent Per well of 96-well plate

A431-Luc Cells 3,500 cells

Opti-MEM Media 60 μL

Lipofectamine RNAiMAX 23 siRNA volume (μL)

siRNA (20 μM) Variable (μL, 40 nM)

DMEM 140 μL
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44. Calculate the ratio of Firefly Luciferase (FLuc) to Renilla Luciferase (RLuc) and normalize to con-

trol (no siRNA, column 10).

45. Analyze data in GraphPad Prism or another software and calculate GI50.

RNA sequencing for off-target effects in heterozygous mutant cells

Timing: 8 weeks

In this section we describe evaluation of off-target effects using RNA-sequencing in a colon cancer 

cell line, SKCO1, that is heterozygous for KRAS G12V/WT . We describe transfection with fully modified 

siRNAs, collection and preparation of RNA, sequencing and analysis. By using a heterozygous 

mutant cell line, we can separately evaluate the effect of the mutant selective siRNA on the KRAS 

G12V and WT alleles.

46. Bring cell culture media (EMEM + 10% FBS), 13 PBS, Trypsin-EDTA and Opti-MEM media to 

37 ◦ C.

Note: Complete transfections in cell media without antibiotics added as antibiotics can nega-

tively affect transfection efficiency. If cells are normally cultured in media with antibiotics, seed 

cells for transfections in antibiotic-free media.

47. Prepare transfection complexes.

a. Pipette Opti-MEM media into Eppendorf tube.

b. Pipette volume of siRNA into each Eppendorf tube, mix by inverting.

c. Incubate at 18 ◦ C–24 ◦ C for 5 minutes, then add Lipofectamine RNAiMAX reagent to each Ep-

pendorf tube and mix by inverting.

d. Continue mixing by inversion every 10–15 minutes for 45–60 minutes at 18 ◦ C–24 ◦ C.

48. While transfection complex is incubating, prepare cells.

a. Aspirate medium in flasks and wash cells once with 13 PBS (5 mL for T75 and 10 mL for T175) 

to remove residual medium.

b. Add Trypsin-EDTA to cells (2 mL for T75 and 4 mL for T175) and place in incubator for 

3–5 minutes.

c. Add 10 mL culture medium to flask and mix by pipetting up and down. Move cell mixture to 

conical tube.

d. Count cell concentration using a Hemocytometer or other cell counting device.

e. Prepare cells at concentration to plate 1 3 10 6 cells per 10 cm dish for 24-hour collection.

Note: These cell counts are optimized for SKCO1 cells. Other cell types may require different 

starting cell number to account for different growth rates.

49. After transfection complexes have incubated for 45–60 minutes, add 500 μL to each 10 cm plate.

50. Add appropriate volume of cells to each plate and swirl plate to mix.

51. Place in incubator and allow cells to settle and transfection to occur.

52. After 6 hours, aspirate medium and replace with fresh medium without antibiotics.

Reagent 24-Hour collection

SKCO1 Cells 1 3 10 6

Opti-MEM Media 500 μL

Lipofectamine RNAiMAX 19 μL

siRNA (20 μM) 9.5 μL (20 nM)

DMEM 9 mL
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53. After an additional 18 hours, aspirate medium from plates and wash cells with 1 mL 13 PBS 

warmed to 37 ◦ C.

54. Following manufacturer’s instructions (Zymo Quick-RNA MiniPrep Kit), add 350 μL RNA lysis 

buffer directly to plates.

55. Allow cell lysis at 18 ◦ C–24 ◦ C for 3–5 minutes, then use a cell scraper to mechanically lift cells 

from the plate.

56. Transfer cell lysis mixture to a fresh Eppendorf tube.

57. Follow manufacturer’s instructions to isolate RNA and elute in 100 μL DNase/RNase-free water.

58. Quantify eluted RNA with a Nanodrop or other plate reader.

CRITICAL: Ensure that RNA concentrations are above 100 ng/μL and have a 260/280 value 

of ∼2.0 to guarantee high quality RNA for sequencing.

59. Sequence RNA with Illumina NextSeq 2000 sequencing system for paired-end following manu-

facturer’s instructions.

60. Perform alignment to the hg38 human reference genome using STAR 2.7.6a (–outSAMunmap-

ped Within; –outSMtype BAM Unsorted; –quantMode TranscriptomeSAM). 9

61. Quantify transcripts using Salmon 1.4.0, 17 based on the human transcriptome defined by 

GENCODE, Release 22. 10

62. Create a cohort-wide matrix showing the expression of the complete set of gene IDs of all 

samples.

63. Remove alphabetically sorted gene IDs with lower average count across sequenced samples to 

restruct the expression matrix to dene IDs belonging to the upper fourth decile (value rounded 

by excess) of the two comparisons of interest ((i) control siRNA vs. mutant selective KRAS siRNA 

and (ii) control siRNA vs. pan-KRAS siRNA), separately.

64. Perform differential expression analysis of rounded count data with DESeq 1.36.0 11 within the R 

(4.2) software environment. Preliminarily, install and load these two R packages: DESeq2 and 

apeglm.

a. Collect baseMean, p-value, and adjusted p-value (padj) using the ‘results’ function of 

DESeq2, with alpha = 0.0001

b. Calculate gene fold change (expressed as log2 fold change) with the apeglm 1.18.0 R 

package. 12

c. Remove genes (g(i)), 1 = 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.

d. Replace null values for p-value and padj with the corresponding lowest values found in the 

analysis, conservatively.

e. Using apeglm log2 fold changes and standard padj of DESeq2, create volcano plots with 

log2(fold change) on the x-axis and -log10(padj) on the y-axis in GraphPad Prism.

65. Generate estimates of the abundance of the KRAS WT and KRAS G12V transcripts and perform ad 

hoc differential gene expression analysis. All following steps are independently performed for 

the two comparisons: (i) control siRNA vs. mutant selective KRAS siRNA and (ii) control siRNA 

vs. pan-KRAS siRNA.

a. Identify the nucleotide that is mutated between WT and G12V on human chromosome 12, in 

the region where KRAS is located.

b. Quantify the number of reads in the BAM files that support the human WT or G12V transcript.

c. Use these read values to proportionally split the total KRAS counts between WT and G12V, 

separately for each sample.

d. Do not modify the count values of the new matrix for all other genes. Create a new count ma-

trix with an extra row (one entry for KRAS WT and one for KRAS G12V ).

e. Run DESeq2 again on rounded count values to produce additional output variables including 

distinct padj and fold changes for the two KRAS forms, similar to the analysis performed for 

total KRAS.
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f. Display data by volcano plots (x-axis: log2(fold change) and y-axis: -log10(padj)) with one 

data point for KRAS WT and one for KRAS G12V.

Evaluation of mutant selectivity in vivo with RT-qPCR in tumors and mouse somatic tissues

Timing: 6 weeks

In this section we describe evaluation of siRNA mutant selectivity in vivo using A431-HA tagged cells 

in athymic nude mouse xenograft models (Figure 3).

66. Bring cell culture media (DMEM + 10% FBS), 13 PBS, Trypsin-EDTA and HBSS to 37 ◦ C. Thaw 

Matrigel on ice.

CRITICAL: Matrigel must be thawed on ice and kept on ice as it can rapidly polymerize at 

18 ◦ C–24 ◦ C.

67. Aspirate medium in flasks and wash cells once with 13 PBS (10 mL for T175) to remove residual 

medium.

68. Add Trypsin-EDTA to cells (4 mL for T175) and place in 37 ◦ C incubator for 3–5 minutes.

69. Resuspend cells in culture medium and mix by pipetting up and down. Move cell mixture to 

50 mL conical tubes.

70. Count cell concentration using a Hemocytometer or other cell counting device.

71. Prepare cells at concentration of 2.5 3 10 6 per 50 μL of a 1:1 mixture of HBSS and Matrigel.

72. Inject cells subcutaneously into athymic nude mice (between 8–12 weeks of age).

73. Allow tumors to form and measure using a caliper until they measure approximately 

100 mm 3 , as determined using the following formula: volume = (L 3 W 3 W)/2, where L equals 

the greatest dimension of the tumor and W equals the perpendicular measurement of the 

tumor.

Figure 3. Schematic showing experimental workflow for in vivo evaluations of KRAS G12V selective siRNA in tumor 

and mouse somatic tissues

Mice are subcutaneously injected with A431-KRAS(G12V)-HA cancer cells and mice form tumors which are monitored 

by caliper measurement. After 1–2 weeks, mice are subcutaneously injected (away from the tumor) with the KRAS 

G12V siRNA. Tumor and mouse somatic tissues (kidney, bladder and skin) are collected at multiple timepoints from 

24–96 hours after injection. Tissues are cut into smaller sections and processed with TRIzol for RNA isolation. RNA is 

used for RT-qPCR for relevant mRNA targets.
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74. Once tumors have reached 100 mm 3 (approximately 1–2 weeks post-injection), randomly 

distribute mice to groups for the following treatments: 1) PBS negative control, 2) 2.5 mg/kg 

(mpk) ligand-conjugated siRNA, 3) 5 mg/kg ligand-conjugated siRNA and 4) 10 mg/kg 

ligand-conjugated siRNA.

75. Dose animals subcutaneously at the nape of the neck or in the flank.

76. Sacrifice mice at 24 hours, 48 hours, 72 hours and 96 hours post-dose.

a. Euthanize mice in a CO 2 chamber, by cervical dislocation or other method that is approved in 

animal protocols and follow recommendations of AVMA Guidelines for the Euthanasia of 

Animals.

77. Collect xenograft tumors and murine somatic tissue (kidney, bladder and skin - away from the 

injection site) from a cross-sectional necropsy.

78. Snap-freeze tissues in liquid nitrogen and store at − 80 ◦ C until processing.

79. On dry ice, weigh tumors and somatic tissues. Cut 30–50 mg section using surgical blade and 

place into Bead Mill tube pre-filled with 1.4 mm ceramic beads.

Note: This can be a stopping point and tissues can be stored at − 80 ◦ C in bead mill tubes.

80. Move to wet ice or cold block, add 1 mL TRIzol Reagent.

CRITICAL: Perform Step 80 in a chemical fume hood with proper ventilation.

81. Using a Bead Mill Homogenizer, lyse the tissue at 30 second pulses at 3.7 m/s until the tissue is 

full dissociated. Chill the tubes on wet ice or in cold block for 2 minutes between each pulse.

Note: The total number of pulses required to dissociate tissue will differ between tissue types 

but generally we found that 10–20 pulses are adequate.

CRITICAL: It is important to put the samples on ice in between pulses to prevent heating 

up of the tissues.

82. Centrifuge tubes for 60 seconds at 10,000 3 g to pellet beads.

83. Collect all the volume and transfer tissue lysate to a new Eppendorf tube.

CRITICAL: Perform Steps 83–98 in a chemical fume hood with proper ventilation to pre-

vent inhalation of toxic vapors.

84. Incubate for 5 minutes at 18 ◦ C–24 ◦ C.

85. Add 200 μL chloroform per 1 mL TRIzol used for lysis and mix by inverting.

86. Incubate at 18 ◦ C–24 ◦ C for 2–3 minutes.

87. Centrifuge for 15 minutes at 12,000 3 g. The mixture will separate into a lower phenol-chloro-

form, an interphase and a colorless upper aqueous phase. (Figure 3).

88. Transfer the aqueous phase to a new tube by angling the tube at 45 degrees and pipetting the 

solution out.

Note: Avoid transferring any of the interphase or organic layer into the pipette. Discard the 

interphase and organic layer in appropriate chemical waste containers.

89. Add 30 μg of RNase-free glycogen to the aqueous layer as a co-precipitant. Mix by inverting.

90. Add an equal volume of isopropanol to amount of TRIzol used for lysis. Mix by inverting.

91. Incubate at 18 ◦ C–24 ◦ C for 20 minutes.

92. Centrifuge for 10 minutes at 12,000 3 g. The total RNA precipitate will form a white pellet at the 

bottom of the tube. (Figure 3)

93. Discard the supernatant with a micropipettor, careful not to disturb the RNA pellet.
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94. Resuspend the pellet in 1 mL of 75% ethanol.

95. Vortex the sample briefly, then centrifuge for 5 minutes at 7,500 3 g.

96. Remove and discard the supernatant with a micropipettor, careful not to disturb the RNA pellet.

97. Air dry the pellet for 5–10 minutes at 18 ◦ C–24 ◦ C.

98. Repeat steps 94–97.

99. Resuspend the pellet in 100 μL of nuclease-free water.

100. Incubate in a heat block set to 55 ◦ C for 10–15 minutes to fully solubilize the RNA. Mix by pipet-

ting up and down.

101. Quantify RNA using preferred method. Troubleshooting 4.

102. Synthesize cDNA and perform RT-qPCR for KRAS and DUSP6 (a downstream transcriptional 

target of ERK transcription factor) in tumor (using human specific primers) and mouse somatic 

tissues (using murine specific primers).

a. Prepare master mix and RNA using the iScript cDNA Synthesis kit or other cDNA synthesis 

kit following manufacturer’s instructions.

b. Run in thermal cycler for: 5 minutes at 25 ◦ C, 20 minutes at 46 ◦ C, 1 minute at 95 ◦ C, hold at

4 ◦ C as per manufacturer’s instructions.

103. Run RT-qPCR for relative mRNA quantification using PowerUp SYBR Green master mix.

a. Follow manufacturer’s instructions to prepare master mix.

b. Run plates on QuantStudio or another RT-qPCR machine.

c. Include genes of interest (ex. KRAS and DUSP6) and endogenous control gene (GAPDH).

d. Use 2 -ΔΔCT analysis method to calculate mRNA fold change. 16

EXPECTED OUTCOMES

This protocol provides instructions for the evaluation of mutant selective siRNAs using several 

orthogonal methods including in vitro, in vivo, and in silico assays. For the UV melting experiments, 

we observed a 6 ◦ C shift in the melting temperature of the antisense strand of the K12V siRNA com-

plexed with mutant KRAS G12V mRNA when compared to the WT and KRAS G12D mRNA, indi-

cating differential thermodynamics (Figure 4A). In silico modeling of these KRAS mRNA pairings 

with the G12V siRNA when loaded into Ago2 enabled us to visualize structural implications of the 

single nucleotide mismatch present in the G12V siRNA.

For the in vitro evaluation by RT-qPCR, western blotting and luciferase assays using A431-HA tagged 

or luciferase reporter cells expressing either KRAS WT or KRAS G12V, we observed target silencing 

of KRAS G12V protein and inhibition of downstream pERK signaling (Figure 4B). The KRAS G12V 

siRNA showed efficient on target silencing of KRAS G12V while sparing KRAS WT, while pan-

KRAS targeting inhibited both KRAS WT and KRAS G12V. We also observed this at the mRNA 

level (Figure 4C). Lastly, using the luciferase reporter cell lines, we found that pan-KRAS targeting

Reagent Amount per Reaction

53 iScript Reaction Mix 4 μL

iScript Reverse Transcriptase 1 μL

RNA 500–1000 ng

Water Fill to 20 μL

Reagent Amount per Reaction

PowerUp SYBR Green 5 μL

Forward Primer (10 μM) 1 μL

Reverse Primer (10 μM) 1 μL

Nuclease Free Water 1 μL

cDNA (5 ng/μL) 2 μL
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equally inhibited KRAS WT and KRAS G12V, while the KRAS G12V siRNA inhibited KRAS G12V and 

spared KRAS WT (Figure 4D).

For the RNA-sequencing to evaluate off-target effects of the mutant selective siRNA, we found 

excellent on-target silencing of KRAS (Figure 4E, left). When we looked at the mutant and WT 

alleles in the heterozygous cell line separately, we found that the G12V allele was significantly 

downregulated, while the WT allele was spared (Figure 4E, right).

For the in vivo studies evaluating KRAS gene expression in tumor and somatic tissues, we found that 

the G12V siRNA significantly reduced both KRAS and DUSP6 mRNA expression in almost all condi-

tions tested (Figures 5A and 5B). Importantly, the G12V siRNA showed minimal and generally non-

significant effects in somatic tissues that express WT KRAS (Figures 5C–5E). Together these assays 

indicate the mutant selectivity of this siRNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs and statistical analyses were performed using GraphPad Prism 10 (GraphPad Software, Inc., 

San Diego, CA). Four mice were assigned per treatment group and results were compared using Stu-

dent’s t test (for comparison of two groups) and analysis of variance (ANOVA) (for multiple group 

comparisons). All results are presented as mean + standard error of the mean (SEM), and a p 

value < 0.05 was considered statistically significant.

Figure 4. Validation of mutant selectivity of KRAS G12V siRNA in vitro

(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.

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

hours. Blots were done separately, and densitometry quantification below is based on vinculin control for each individual blot.

(C) RT-qPCR analysis in A431 cells transiently transfected with siRNAs at 20 nM. Cells were analyzed at 48 hours. Data shown as mean +/- SEM, 

experiments performed in duplicate.

(D) Luciferase dose-response curve in A431-KRAS-WT or A431-KRAS-G12V cells stably expressing a luciferase reporter. Cells were analyzed at 72 hours. 

Data shown as mean +/- SEM, experiments performed in triplicate.

(E) Volcano plots from RNA-sequencing in SKCO1 cells transiently transfected with siRNAs at 20 nM. Cells were analyzed at 24 hours. This figure includes 

data published in Stanland et al 1 and has received permission to be shown in this figure.
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Details for statistical analysis of RNA-sequencing data is included in Section 3.

LIMITATIONS

The in vitro and in vivo protocols described here in sections 2 and 4 are optimized for the A431 cell 

line and therefore, further testing is required to apply these protocols to other cell lines. Importantly 

the A431 cell line is not KRAS dependent and therefore we were able to generate KRAS knockout 

clones to re-engineer the HA-tagged and Luciferase systems. These protocols were also completed 

to evaluate KRAS siRNAs specifically, and additional assays or targets may be needed to evaluate 

siRNAs targeting other genes and mutations. Because KRAS is highly conserved between humans 

and mice, we were able to evaluate the impact of our KRAS siRNA in somatic mouse tissues in our 

in vivo experiments due to sequence complementarity, however, other targets that are not as well 

conserved between species may not allow for this same application.

TROUBLESHOOTING

Problem 1

No success generating KRAS expressing clones following transduction with retroviral and lentiviral 

particles (Step 4k).

Potential solution

• Retroviral/lentiviral stocks may be low concentration. Retroviral/lentiviral stocks can be concen-

trated by ultracentrifugation.

○ Pour the filtered supernatant into ultracentrifuge tubes and spin at 100,000 g for 1.5 to 2 hours 

at 4 ◦ C.

○ After spin is complete, there will be a small white pellet at the bottom of the tube, this is the viral 

pellet.

○ Carefully aspirate and discard the supernatant.

○ Resuspend the viral pellet at 50–1003 concentration of original volume in media.

Figure 5. Validation of mutant selectivity of KRAS G12V siRNA in vivo

RT-qPCR analysis of (A) KRAS mRNA in tumors, (B) DUSP6 mRNA in tumors, (C) KRAS mRNA in kidney, (D) bladder and (E) skin. Data shown as mean +/- 

SEM. Experiments performed in technical triplicate with n = 4 tumors per group. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. This figure includes 

data published in Stanland et al 1 and has received permission to be shown in this figure.
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• Puromycin concentration may be too high. Use a drug-kill curve assay to identify the concentration 

of puromycin at which cell growth is inhibited for the cell line that will be used.

• Perform a spinfection after Step 4g by spinning the 6-well plates at 800 3 g for 1 hour at 

18 ◦ C–24 ◦ C. Resume protocol as normal at Step 4h

Problem 2

Poor quality data generated or no measurement in UV melting experiment (Step 1c).

Potential solution

• Warm up the instrument for the recommended time before starting measurements.

• Make sure that all optical components such as lenses and cuvette windows are clean.

• Check that the reference and sample cuvettes are properly filled.

• Degas solutions to avoid formation of air bubbles that interfere with absorbance measurements.

Problem 3

Poor quality western blot images (Step 32).

Potential solution

• If protein appears as a smear, re-sonicate and re-clear lysate.

• If high background and light protein bands:

○ Make sure all reagents and buffers are made fresh.

○ Increase total protein loaded into gel (ex. If using 25 μg protein, increase to 40 μg protein).

○ Decrease antibody dilution factor for both primary and secondary antibody (ex. If using dilution 

of 1:1000, try 1:500 or 1:250 for primary antibody. If using dilution 1:5000, try 1:1000 for second-

ary antibody).

○ If using 5% milk in 13 TBST for primary or secondary antibody dilutions, use 5% BSA in 13 TBST 

instead.

○ If using 5% milk in 13 TBST for blocking, use a commercially available blocking buffer instead.

Problem 4

Low RNA yield following TRIzol isolation from tissues (Step 101).

Potential solution

• Ensure that you start with at least 30 mg tissue and fully dissociate tissue during homogenization.

• Do not skip mix by inversion step following glycogen and isopropanol addition.

• Ensure that the pellet fully air dries as residual ethanol can affect the quality of the RNA.

• After heating to solubilize the RNA, pipet up and down to ensure that RNA goes into solution.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead con-

tact, Chad V. Pecot (pecot@email.unc.edu).

Technical contact

Technical questions on executing this protocol should be directed to and will be answered by the technical contact, Chad 
V. Pecot (pecot@email.unc.edu).

Materials availability

Any unique biological materials generated in this study are available upon request.
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Data and code availability

This study did not generate any original code. All sequencing data are available at the Gene Expression Omnibus (GEO): 
GSE278020. Original western blot images have been deposited at Mendeley Data: https://doi.org/10.17632/ 
sbb397pkvc.1.
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