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SUMMARY
The delivery of genome editors as RNAs is a particularly potent means of modifying the genomes of primary mammalian cells and cell lines. The goal of this protocol is to deliver genome editors as mRNA into primary mammalian cells and cell lines, followed by targeted Illumina sequencing and analysis to quantify editing outcomes.

ABSTRACT
CRISPR editors including nucleases, base editors, and prime editors can efficiently correct disease-causing genetic variants or disrupt target genes. Editing outcomes are commonly evaluated in cultured primary cells, patient-derived cells, or engineered cell lines to study the impact of genetic variation or as a first step before initiating animal studies or clinical translation. Delivery of editors as mRNA together with synthetic guide RNAs into mammalian cells can improve editing efficiency relative to plasmid-based approaches and prevent issues such as DNA integration or off-target editing from sustained expression. This article presents a workflow to  prepare genome editor mRNA by in vitro transcription (IVT), including co-transcriptional capping and chemically-modified nucleotides, electroporate editor mRNA and guide RNAs into primary human fibroblasts, induced pluripotent stem cells (iPSCs), or lymphoblastoid cell lines (LCLs), and quantify editing outcomes by targeted amplicon sequencing on an Illumina platform followed by analysis using CRISPResso2. This workflow enables quantitative benchmarking of guide RNAs, electroporation parameters, and editor variants, and supports downstream applications including single-cell cloning, phenotypic assays, preclinical animal studies, and therapeutic development.

INTRODUCTION
Efficient genome editing in primary mammalian cells supports the generation of genetic models and the preclinical evaluation of candidate therapeutic strategies. Recent advances in CRISPR-based technologies, including base editing and prime editing, enable precise nucleotide modifications without introducing double-strand DNA breaks, thereby improving the purity of editing outcomes¹,². These technologies have been successfully applied in disease modeling and therapeutic genome editing studies, including strategies to correct variants that lead to sickle cell disease³ and cystic fibrosis4.

[bookmark: _Hlk219224344]A particularly efficient strategy to deliver genome editing components to mammalian cells is electroporation of in vitro transcribed (IVT) mRNA encoding the editing enzyme combined with synthetic guide RNAs (gRNAs). Delivery of mRNA enables transient expression of genome editors, minimizing prolonged nuclease activity and reducing the likelihood of off-target editing events. Advances in IVT technology have improved the efficiency, yield, and quality of mRNA synthesis4–6.  Plasmid DNA templates and PCR-derived DNA templates are each commonly used for in vitro transcription and each present distinct advantages and limitations. In this protocol, PCR-generated templates are preferred to avoid issues associated with propagating long poly(A) tracts in plasmids, which are prone to recombination and length variability. However, using PCR templates as described in this protocol does require an expensive reverse primer that harbors the 120-nucleotide poly(A) tail, and PCR may be more error prone than bacterial propagation of plasmids for sequences not encoded in the primers. As an alternative, commercial providers such as Elegen and 4basebio can supply high-fidelity DNA templates, offering a reliable, though more costly, option for generating transcription templates. 
 
Careful guide RNA design is another critical component of successful genome editing experiments. Several computational tools have been developed to assist researchers in identifying optimal gRNA sequences based on predicted on-target efficiency and minimal off-target activity. Widely used platforms include CHOPCHOP and CRISPOR, which enable identification of guide sequences compatible with protospacer adjacent motif (PAM) requirements of Cas enzymes and provide scoring metrics to prioritize candidate guides with high predicted activity and specificity7,8. The fundamental principles and best practices for guide RNA design have been extensively described in the CRISPR literature9.

Electroporation is commonly used to deliver genome editing reagents to mammalian cells because it can achieve high delivery efficiency in cell types that are typically resistant to lipid-based transfection approaches. Electroporation transiently permeabilizes the cell membrane, allowing exogenous nucleic acids such as mRNA and gRNAs to enter the cytoplasm. Optimized electroporation protocols have been developed for multiple mammalian cell types, including primary cells, fibroblasts, lymphoblastoid cell lines, and induced pluripotent stem cells10. Commercial electroporation platforms such as the Lonza 4D and Amaxa systems provide cell-type-specific programs and reagents designed to improve delivery efficiency while maintaining cell viability11. High-throughput electroporation systems such as the Amaxa 96-well Shuttle platform further enable scalable genome editing experiments across multiple experimental conditions12. The Neon electroporation system is also commonly used but is not the focus of this protocol.

Following delivery of genome editing components, editing outcomes are typically assessed using targeted next-generation sequencing (NGS) of the genomic region surrounding the editing site. Sequencing libraries are generated by PCR amplification of the target locus, followed by indexing and high-throughput sequencing. The resulting sequencing reads are analyzed using specialized bioinformatic pipelines designed for genome editing experiments. In this protocol, editing outcomes are quantified using CRISPResso2, a widely used computational platform that enables detailed analysis of genome editing outcomes from sequencing data13. CRISPResso2 aligns sequencing reads to a reference sequence and quantifies editing outcomes, including overall editing efficiency, insertion–deletion (indel) frequencies, precise nucleotide substitutions, and editing distributions across the target region. The software also provides graphical visualizations and statistical summaries that facilitate comparison between experimental conditions and optimization of editing parameters.

Together, the integration of high-quality IVT mRNA production, optimized delivery by electroporation, and high-resolution sequencing analysis provides a robust workflow for evaluating genome editing strategies in vitro. This approach enables iterative optimization of editing efficiency, specificity, and experimental parameters prior to advancing genome editing strategies toward in vivo studies and potential therapeutic applications14–15.

PROTOCOL
1. Preparation of high-quality editor mRNA by in vitro transcription (IVT)

1.1. Generate linear DNA templates by PCR.

1.1.1. Use a forward primer that corrects the T7 promoter.

1.1.2. Use a reverse primer that introduces a 120-nt poly(A)₁₂₀ tail to support efficient transcription and mRNA stability.

1.1.3. Use the PCR-based poly(A)-tailing approach instead of poly(A) polymerase to maintain uniformity between transcripts.

1.1.4. Incorporate N1-methyl-pseudouridine and CleanCap AG to improve mRNA translation and reduce innate immune activation¹–⁴ (Figure 1).

1.1.5. Deliver the resulting mRNA to cells using electroporation, as described below.
NOTE: Nanoparticle-based delivery is not discussed in this protocol. 

Caution: Perform all RNA steps using RNase-free consumables and work surfaces. Consider the listed mRNA editors and their different variants when selecting the appropriate editor for the intended genomic modification (Table 1).

2. Generate the linear DNA template

2.1. Amplify the editor coding sequence by PCR for 30 cycles using primers that introduce a functional T7 promoter upstream of the coding region and a poly(A) sequence downstream (Table 2 and Table 3).

NOTE: The nucleotide sequence of the IVT template is underlined in table 9. 

2.2. Verify and purify the PCR product

2.2.1. Confirm generation of a pure amplicon using agarose gel electrophoresis.

2.2.2. Purify the PCR product using a PCR cleanup kit (Table of Materials). Quantify the purified DNA using a fluorometric dsDNA assay. 

NOTE: If multiple bands or poor PCR product quality are observed, optimize the thermocycling conditions (Table 9 – Troubleshooting Table).

2.2.3. Quantify the purified DNA using a fluorometric dsDNA assay.


2.3. Assemble the IVT reaction.

2.3.1. Prepare the IVT reaction on ice using T7 RNA polymerase, NTPs, a cap analog for co-transcriptional capping, and N1-methyl-pseudouridine triphosphate as the uridine substitute to reduce innate immune activation¹˒⁵˒⁶.

2.3.2. Prepare the IVT reaction mixture according to Table 4. Use the annotated template sequence provided in Table 4. Assemble each transcription reaction in a final volume of 40 µL.

2.3.3. Prepare 5–10 reaction tubes to generate sufficient mRNA for multiple experiments. Generate approximately 100 µg of mRNA from each 40 µL reaction.

2.3.4. Use a 10x preparation to obtain sufficient mRNA for approximately 1,000 electroporations.


2.4. Transcribe the RNA

2.4.1. Mix the IVT reaction thoroughly by pipetting. Incubate the reaction at 37 °C for 2 h.

2.5. Purify the RNA

2.5.1. Add 7.5 M lithium chloride (LiCl) solution to the IVT reaction at a volume equal to one-half of the total reaction volume to achieve a final LiCl concentration of 2.5 M.

2.5.2. For a 40 µL IVT reaction, add 20 µL of 7.5 M LiCl. Mix thoroughly by gentle pipetting and briefly centrifuge the tube to collect the contents at the bottom of the tube before incubation.

2.6. Resuspend and quantify the RNA

2.6.1. Resuspend the RNA in nuclease-free water. Quantify the RNA using a fluorometric RNA assay, aliquot the RNA, and store the aliquots at −80 °C.
Pause point: 

2.6.2. Resuspend the RNA by pipetting for 15–30 min. Prepare the mRNA at a final concentration of 2 µg·µL-1. Initially resuspend each reaction in 50 µL of nuclease-free water and dilute further after measuring the RNA concentration.

NOTE: Avoid repeated freeze-thaw cycles. Prepare single-use aliquots and discard unused thawed material. Prepare 12.5 µL aliquots for 8–20 electroporations per aliquot.

2.7. 	Assess RNA integrity

2.7.1. Assess RNA size and integrity by agarose gel electrophoresis or automated electrophoresis (Figure 2)

2.7.2. Prepare a 0.8% agarose gel containing 10,000x diluted SYBR Gold. Use a single-stranded RNA ladder, such as the Millennium RNA Marker. 

2.7.3. Denature the mRNA using 2x RNA Gel Loading Dye before loading the samples onto the gel.


3. Design and preparation of guide RNAs

NOTE: Identify protospacer adjacent motif (PAM) sequences within the target genomic locus and select guide RNAs that are compatible with the chosen editor and intended genomic modification. Guide RNA design platforms such as CHOPCHOP, CRISPOR, CRISPRware, IDT Cas9 Checker, Benchling, and VectorBuilder can be used to prioritize guide RNAs with favorable predicted activity and specificity⁶–⁹. 

3.1. Identify PAM sites within the target genomic locus that are compatible with the selected nuclease variant, including NGN-compatible variants, using guide RNA design tools⁷–¹⁰.

3.2. Select guide RNAs with high predicted on-target activity and low predicted off-target activity. Confirm the editing window for the guide RNA.

3.3. For base editing or prime editing applications, select guide RNAs that position the intended edit within the optimal activity window of the selected editor¹¹˒¹².

3.4. Obtain synthetic guide RNAs. Use chemically modified synthetic single-guide RNAs (sgRNAs) or prime editing guide RNAs (pegRNAs) to increase RNA stability and intracellular persistence.

3.5. Resuspend the guide RNAs in nuclease-free water or TE buffer. Prepare 5 µL aliquots and store the aliquots at −80 °C.

4.  Cell culture preparation

NOTE: This section describes the preparation of cells for electroporation. Assess cell integrity by microscopy and viability assays before electroporation. Use 2 × 10⁵–5 × 10⁵ cells per reaction with a viability greater than 85%. Wash the cells with phosphate-buffered saline (PBS) to remove serum and RNases and maintain the cells on ice in electroporation cuvettes until electroporation¹⁰˒¹¹.

4.1. Culture the cells

4.2. Maintain the cells at 37 °C in 5% CO₂ until the cells reach the appropriate density for electroporation, typically 70%–80% confluency.

4.3. Prepare single-cell suspensions.

4.4. Dissociate adherent cells using trypsin or a comparable cell detachment reagent. 

4.5. Pellet the cells at 1,000 × g for 5 min, wash the cells once with Dulbecco’s phosphate-buffered saline (DPBS), and centrifuge the cells again.

4.6. Count the cells and assess viability.

4.7. Resuspend the cells at a density of approximately 0.5 × 10⁶–2 × 10⁶ cells/mL in DPBS. Count the cells and assess viability using a hemocytometer or cell counter.

4.8. Proceed only if the cell viability is ≥ 85%.

4.9. Resuspend the cells in electroporation buffer. Resuspend 2 × 10⁵ cells in 5 µL of cold electroporation buffer per reaction. 

4.10. Prepare the electroporation buffer with the supplement solution according to the manufacturer’s instructions immediately before use and maintain the buffer on ice.

4.11. Keep the cells cold and proceed promptly. Maintain the cells on ice and proceed immediately to electroporation setup.

5. Electroporation

NOTE: Prepare editing cargo in PCR strip tubes to facilitate multichannel pipetting. After electroporation, resuspend the cells in medium supplemented with CEPT cocktail to enhance cell survival¹².

5.1. Prepare the RNA cargo.

5.1.1. Prepare the RNA cargo on ice by combining the editor mRNA and guide RNA(s) in electroporation buffer.

5.1.2. For base editors and nucleases, prepare a final electroporation solution containing 1.5 µL (3 µg) of mRNA, 0.5 µL (50 pmol) of guide RNA, and 15 µL of electroporation buffer per sample.

5.1.3. For prime editors, prepare a final electroporation solution containing 0.5 µL (1 µg) of mRNA, 1.5 µL (150 pmol) of guide RNAs, and 15 µL of electroporation buffer per sample.

5.1.4. Prepare the RNA cargo solutions as a 1.2× master mix to compensate for volume loss during transfer and sample handling. Optimize the reagent volumes and ratios for each target site and editor variant as needed.

5.2. Dispense the cells.

5.2.1. Add 5 µL of the cell suspension to each electroporation well.

5.2.2. Combine the RNA cargo and cells.

5.2.3. Add 17 µL of RNA cargo in electroporation buffer to 5 µL of cells. Mix the suspension by pipetting twice.

NOTE: Proceed rapidly after combining the cells and RNA cargo because RNases secreted by the cells can rapidly degrade the editor mRNA. Complete the electroporation within 2 min after mixing the cells and RNA cargo.

5.3. Electroporate the cells.

5.3.1. Run the electroporation program optimized for the selected cell type (Table 5; Figure 2; Figure 3).

5.3.2. Confirm pulse completion. Confirm successful pulse delivery for each well using the instrument readout. 

5.4. Immediately add 80 µL of pre-warmed recovery medium to each well. Allow the cells to recover undisturbed for 10 min.

5.5. Plate the cells.

5.5.1. Transfer the cells to pre-equilibrated and appropriately coated culture plates. Incubate the cells at 37 °C in 5% CO₂.

5.5.2. Examine the cells daily after plating to monitor cell health and recovery.

6. Genomic DNA extraction

NOTE: Ensure that genomic DNA is of sufficient quality and free of inhibitors prior to PCR amplification, as DNA quality can affect sequencing library preparation and accurate quantification of genome editing outcomes⁹–¹¹.

6.1. Wash and harvest the cells.

6.1.1. At least 2 days after electroporation, wash the cells once with Dulbecco’s phosphate-buffered saline (DPBS) and remove the buffer completely.

6.1.2. Prepare incomplete lysis buffer by combining 10 mL of 1 M Tris-HCl (pH 8.0), 5 mL of 10% (wt/vol) sodium dodecyl sulfate (SDS) solution, and nuclease-free water to a final volume of 1 L. Store the incomplete lysis buffer at room temperature for up to 6 months.

6.1.3. Immediately before use, prepare complete lysis buffer by adding proteinase K at a 1:1,000 (vol/vol) dilution to an aliquot of incomplete lysis buffer. Add the complete lysis buffer to the cells to initiate lysis.

6.2. Digest the samples.

Incubate the samples at 37 °C for 60 min to complete cell lysis and proteinase K digestion.

6.3. Inactivate proteinase K.

Transfer the lysates to PCR tubes or a 96-well PCR plate. Incubate the samples at 80 °C for 30 min to inactivate the proteinase K.

6.4. Store the lysates.

Store the lysates at −20 °C until PCR amplification.

7. Targeted amplicon sequencing for editing analysis
NOTE: Pool PCR products in equimolar amounts prior to sequencing. Approximately 10,000 sequencing reads per sample are generally sufficient for quantification of bulk genome editing outcomes.

7.1. Design locus-specific primers to generate approximately 300 bp amplicons spanning at least 25 bp upstream and 25 bp downstream of the edit site (Table 8).

7.2. Amplify the target genomic locus by performing PCR1 according to the conditions provided in Table 6, Table 7.

7.3. Add unique sample indices by PCR using the PCR1 product as the template. Perform 9 cycles of amplification according to the conditions provided in Table 8.

7.4. Run the PCR1 and PCR2 products on a 1.5% agarose gel to confirm the presence of single bands at the expected sizes.

7.5. Pool the PCR2 products in equimolar amounts. Remove adapter dimers using bead-based cleanup or gel purification according to the conditions provided in Table 8.

7.6. Quantify the final pooled library using a fluorometric dsDNA assay. Assess the fragment size distribution by capillary electrophoresis.

7.7. Sequence the libraries using single-end 300-cycle reads on an Illumina MiSeq instrument. Generate approximately 30,000 reads per sample for optimal analysis, although 10,000 reads per sample are sufficient for editing analysis¹³.

8. Analysis of genome editing outcomes

Note: CRISPResso2 analysis enables quantification of overall editing efficiency, nucleotide conversion frequencies, and insertion/deletion (indel) frequencies, and can be used to characterize editing outcomes across experimental conditions¹⁷.

8.1. Demultiplex the sequencing data and organize the FASTQ files according to genomic locus and experimental condition.

8.2. Install CRISPResso2 according to the instructions provided in the official repository.

8.3. Run CRISPResso2 batch analysis using batch files that specify the input FASTQ files and analysis parameters.

8.4. To review the reports, Open the HTML output report and confirm successful sample processing.

8.5. Extract quantitative outputs like, Extract the editing efficiency, nucleotide conversion frequencies, and insertion/deletion (indel) frequencies from the appropriate summary output files (Table 8; Figure 4).

8.6. Export the quantitative output values for downstream plotting and data interpretation.

RESULTS:

Using an efficient editor with an easily accessed test site in, such as the ABE8e base editor with the HEK3 control site, can often result in editing efficiencies above 90% if the delivery system is well-suited for the cells used in the experiment. Lower editing efficiencies may result if there are problems with the editor mRNA, guide RNA, the target site, or the delivery conditions that make any less well-suited to editing. Using Cas9 variants that access more versatile PAM sequences but bind them less tightly or targeting editors to nucleotides that are outside their ideal editing window, can reduce editing efficiency. Successful IVT-generated editor mRNAs typically appear as a single predominant band with minimal smearing or low-molecular-weight degradation products, indicating high transcript integrity suitable for downstream electroporation (Figure 2).

After electroporation of editor mRNA and synthetic guide RNAs, most cells recover within 24–48 h and maintain their typical morphology with suitable electroporation programs (Figure 3–4). Electroporation conditions should be tailored to the specific cell type, as different buffers can yield markedly different outcomes. The online Lonza Knowledge Center makes recommendations for buffer and electroporation codes for common cell types, and Lonza offers separate optimization kits for cell lines and primary cells. Empirical comparison of buffers can help identify optimal conditions for efficient delivery. Unsuitable programs may lead to no delivery at all or can be highly toxic to cells (losing over 50% or preventing continuation of the cell cycle). Representative optimization experiments demonstrated substantial differences in editing outcomes across electroporation conditions, with some programs yielding high editing efficiencies while others produced minimal editing, highlighting the importance of empirical optimization for each cell type (Figure 3–4).

Across iPSCs, fibroblasts, and LCLs, targeted amplicon sequencing followed by CRISPResso2 analysis is used to quantify editing efficiency and byproducts (Figure 4). Adenine base editing of the HEK3 test locus is shown here (Figure 4), which resulted in the intended nucleotide conversions with low indel frequencies in the analyzed samples. CRISPResso2 analysis enables visualization of edited and unedited alleles at the target locus and facilitates quantification of intended nucleotide conversions, indel frequencies, and other editing byproducts, providing a comprehensive assessment of editing outcomes (Figure 5). Editing efficiency is quantified by measuring the frequency of this precise single-nucleotide substitution at the target site. The HEK3 locus is used as a model locus due to its well-characterized editing profile and reproducibility across experimental systems, enabling robust evaluation of base editing performance under different conditions. We recommend testing this guide as a positive control in human cells when optimizing new editing procedures. Base editing is typically enriched for intended nucleotide conversions with low indel frequencies, whereas prime editing yields a mixture of precise edits and low-frequency byproducts³,¹². Editing efficiencies varied across conditions, with clear differences observed between cell types and electroporation programs (Figure 3-4,). These variations likely reflect differences in cellular uptake, viability, and DNA repair activity, as well as the influence of electroporation parameters on delivery efficiency. Collectively, these findings highlight the importance of cell type-specific optimization of electroporation settings to achieve consistent and maximal editing outcomes.

FIGURE AND TABLE LEGENDS
Figure 1. Preparation of editor mRNA by in vitro transcription.
Schematic overview of editor mRNA generation. (Step 1) Preparation of plasmid template containing the editor coding sequence and T7 promoter. (Step 2) PCR amplification to generate a linear DNA template. (Step 3) In vitro transcription using T7 RNA polymerase to synthesize capped mRNA. (Step 4) Purification of mRNA to remove template DNA, enzymes, and free nucleotides. The resulting capped mRNA is suitable for downstream delivery into mammalian cells by electroporation or lipid nanoparticle.

Figure 2. Example image of mRNA gel electrophoresis
Electrophoresis image of three base editor mRNAs run on an agarose gel using SYBR gold stain. The lack of substantial smearing or small bands indicates these mRNAs are of suitable quality.

Figure 3. Optimization of electroporation conditions for genome editing in induced pluripotent stem cells (iPSCs).
Editing efficiencies obtained under different electroporation conditions in iPSCs are shown. Cells were electroporated using multiple buffers and program combinations, including CB-150 buffer P4, CD-118 buffer P3, DN-100 buffer P3, DC-100 buffer P3, all on the Lonza 4D Nucleofection device. Editing was assessed using the Neon electroporation device with parameters (1600 V, 20 ms, 1 pulse). Editing efficiency was quantified by targeted sequencing analysis of the edited locus. 

Figure 4. Optimization of electroporation conditions for genome editing in fibroblasts.
Editing efficiency following electroporation using different nucleofection programs. Fibroblasts were electroporated using multiple Lonza Nucleofector programs (CA-137, CM-138, DS-150, EH-100, EN-150, EO-114, and FF-113), and editing outcomes were quantified by targeted sequencing. Results are shown for two replicates (P2, P3). A negative control without editor delivery is included. Comparison of electroporation codes highlights differences in editing efficiency across electroporation settings, enabling identification of optimal parameters for fibroblast genome editing.

Figure 5. Characterization of genome editing outcomes at the targeted locus.
Allele frequency table output from CRISPResso2, which displays the relative abundance of edited and unedited alleles surrounding the sgRNA target region as determined by high-throughput sequencing analysis after editing. Red annotations indicate the base editing window and the pre-existing heterozygous polymorphism present in the cell line used. The guide RNA spacer sequence is underlined in gray. “Predicted cleavage position” shown by a dotted line is shifted relative to the typical “PAM minus 3” position for SpCas9 due to the modification of the window center “wc” in our analysis Batch File (example in Table 8). This does not actually shift the true predicted cleavage location, but the output is shown in this way to indicate that indels surrounding the dotted line within a window of 20 nucleotides will be assessed, capturing both indels centered at the true nick site as well as those centered at the deaminated nucleotides.

Table 1. Editors and sequences used in this study
Row 1. Genome editors available on AddGene for in vitro transcription. Names and Addgene IDs for plasmids available that are amenable to in vitro transcription as described in this protocol. Row 2. Sequences of guide RNA spacers used in this study. 

Table 2. PCR reagents for amplification of the mRNA plasmid template.
The list of reagents and reaction components used for PCR amplification of the plasmid template to generate linear DNA for downstream applications, as well as the sequence of the forward and reverse transcription primers.

Table 3. PCR cycling conditions for amplification of the mRNA template.
This table lists the thermocycling conditions used for PCR amplification of the mRNA template from the plasmid DNA prior to downstream applications.

Table 4. Reagents used for in vitro transcription (IVT) reactions.
This table lists the reagents and reaction components used for in vitro transcription to synthesize editor mRNA from the linear DNA template. An example template sequence (ABE8e) is shown with color-coded elements.

Table 5. Optimal electroporation programs for different mammalian cell types.
This table lists the electroporation program codes and buffer conditions used for efficient delivery of editor mRNA and guide RNAs into different mammalian cell types. The listed electroporation parameters were tested to identify conditions that maximize genome editing efficiency while maintaining cell viability. The same program may not work for each cell line or source of primary cells, so testing alternatives from this list is recommended if editing is initially unsuccessful.

Table 6. PCR1 reagents for MiSeq library preparation.
This table lists the reagents and reaction components used in the first round of PCR (PCR1) to amplify genomic loci prior to indexing and preparation of sequencing libraries for MiSeq analysis.

Table 7. PCR1 cycling conditions for MiSeq library preparation.
This table lists the thermocycling conditions used during the first round of PCR (PCR1) to amplify target genomic regions prior to indexing and preparation of sequencing libraries for MiSeq analysis.

Table 8. CRISPResso2 analysis parameters for quantification of genome editing outcomes.
The first tab lists an example of the HTS1 primer design used for amplification of the target locus. The second tab provides an example of the indexing primers used during library preparation. The third tab illustrates an example of the indexing arrangement used to assign unique indices to each sample during sequencing. The fourth tab contains an example input batch file for CRISPResso2 analysis, and the fifth tab provides an additional example of a CRISPResso2 analysis input Batch File. Note that the window center “wc” is adjusted for base editors to facilitate detection of indels that are centered on the deaminated bases in addition to those centered on the nuclease cut or nick site.

Table 9. Troubleshooting guide for key steps in the genome editing workflow.
This table summarizes common technical issues that may arise during editor mRNA preparation by in vitro transcription (IVT), and MiSeq sequencing analysis. For each step of the workflow, potential problems, possible causes, and recommended solutions are provided to assist in optimizing editing efficiency and ensuring accurate detection of editing outcomes.

DISCUSSION
This protocol provides a workflow for genome editing in primary mammalian cells using electroporation of editor mRNA and synthetic guide RNAs. Delivery as mRNA tends to yield more efficient editing relative to plasmid delivery, and mRNA tends to be simpler and more consistent between batches relative to editor protein or ribonucleoprotein. When mRNA and ribonucleoprotein forms of base editors have been compared head-to-head in some prior work, mRNA has yielded better editing efficiency3. Compared to plasmid or viral delivery methods, mRNA-based delivery enables transient expression and reduced risk of genomic integration, although it may require optimization for different cell types. In addition to lower editing efficiency, the use of plasmid DNA for genome editing carries a risk of random integration into the genome of target cells and can increase the risk of off-target editing due to prolonged expression of the editor. The combination of targeted amplicon sequencing and CRISPResso2 enables standardized quantification of editing efficiency and characterization of any allelic outcomes³.  

Several factors are vital for success. Critical steps in this protocol include maintaining RNA integrity through strict RNase-free handling, selecting optimal guide RNAs, and carefully optimizing electroporation conditions for each cell type. RNA integrity and careful RNase control strongly influence outcomes, and guide RNA selection remains a primary determinant of efficiency and byproduct profiles. Electroporation settings require empirical optimization by cell type and some programs that yield high editing may also cause toxicity. If low editing efficiency is observed, optimization of electroporation parameters, RNA quality, or guide RNA design should be considered. If excessive toxicity occurs, reducing electroporation strength or RNA input may improve cell viability. Additional optimization strategies include testing alternative electroporation buffers, modifying editor or guide RNA concentrations, and evaluating alternative electroporation programs tailored to the target cell type. This workflow provides a practical platform to benchmark editors and produce modified cells before downstream single-cell cloning, phenotyping, in vivo studies, or translational development. This workflow is broadly applicable for evaluating genome editing strategies in primary cells, enabling systematic comparison of editing modalities across genomic contexts and cell types. It supports disease modeling through the introduction or correction of clinically relevant variants, as well as functional interrogation of coding and non-coding regulatory elements. In addition, it provides a platform for optimizing therapeutic editing approaches, including assessment of on-target efficiency, off-target activity, and editing durability. The workflow can also be used to screen and prioritize guide RNAs and editing systems, evaluate delivery strategies, and test patient-specific variants in a precision medicine framework. Collectively, it serves as a versatile bridge between basic genome biology, translational research, and preclinical development. A limitation of this method is that electroporation efficiency and cell viability can vary substantially between cell types, requiring empirical optimization. In addition, editing outcomes may depend on guide RNA design and purity, and the accessibility of the target locus, which may limit reproducibility across different experimental systems. Despite these constraints, careful optimization of experimental parameters and guide design can mitigate variability, enabling reliable and reproducible application of this approach across diverse cellular systems.
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