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Base Editing in Human Cells to Produce Single Nucleotide
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1Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA,
92093, U.S.A.

Abstract

Base editing technologies enable point mutation introduction at targeted genomic sites in
mammalian cells, with higher efficiency and precision than traditional genome editing methods
that employ DNA double-strand breaks, such as zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS), and the CRISPR-Cas9 (clustered regularly interspaced
short palindromic repeats-CRISPR-associated protein 9) system. This allows for the generation of
single nucleotide variant isogenic cell lines (i.e. cell lines whose genomic sequences differ from
each other only at a single, edited nucleotide) in a more time- and resource-effective manner.
These single nucleotide variant clonal cell lines represent a powerful tool to assess the functional
role of genetic variants in a native cellular context. Base editing can, therefore, facilitate genotype-
to-phenotype studies in a controlled laboratory setting, with applications in both basic research
and clinical applications. Here, we provide optimized protocols (including experimental design,
methods, and analyses) to design base editing constructs, transfect adherent cells, quantify base
editing efficiencies in bulk, and generate single nucleotide variant clonal cell lines.
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INTRODUCTION:

Base editing is a genome editing technique capable of precisely introducing single
nucleotide variants (SNVs) into the genome of living cells (Rees & Liu, 2018). Base editors
(BEs) consist of a catalytically inactivated or impaired CRISPR-associated protein [dead
Cas9 (dCas9), nickase Cas9 (nCas9), or dead Casl2a (dCas12a)] tethered to a single-
stranded DNA (ssDNA)-modifying enzyme. In this system, the Cas protein will complex
with a user-programmed guide RNA (gRNA), and bind to a genomic locus (termed the
“protospacer”) that is complementary to the sequence of the gRNA and harbors a
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protospacer adjacent motif (PAM, a short DNA sequence specific to the Cas protein used)
(Figure 1; Jinek et al., 2012). The Cas protein locally denatures the target double-stranded
DNA (dsDNA) region upon binding, to form an R-loop, exposing a small window (typically
~5 nucleotides long) of ssDNA (Jiang et al., 2016). Once bound, the ssDNA-modifying
enzyme will catalyze the deamination of target nucleobases within this window. Subsequent
DNA replication or repair of these modified base intermediates (uracil or inosine) results in
permanent introduction of single-base substitutions. To date, two major classes of BEs have
been described: cytosine base editors (CBES), which change C+G base pairs to TeA (Komor
et al., 2016), and adenosine base editors (ABEs), which convert A«T base pairs to GeC
(Gaudelli et al., 2017). Because BEs do not rely on double-stranded DNA breaks (DSBs),
the introduction of unwanted gene alterations and random insertions and deletions (indels)
of nucleotides at the targeted site are minimized compared to traditional genome editing
methods such as ZFNs, TALENSs, and the CRISPR-Cas9 system (Hess et al., 2017; Ran et
al., 2013). As a testament to their utility, BEs have been optimized and employed for a wide
range of applications, including synthetic biology, therapeutics, and agriculture (Evanoff &
Komor, 2019; Molla & Yang, 2019; Rees & Liu, 2018). Of particular interest to the field of
functional genomics, base-editing technologies are uniquely positioned to facilitate studies
investigating genotype-to-phenotype relationships by enabling researchers to generate
isogenic cell lines with enhanced throughput.

Advances in next-generation sequencing are increasingly making the detection of SNVs
routine, particularly in clinical settings (Lappalainen, et al., 2019). Our ability to interpret
the functional consequences of these SNV, however, has lagged far behind. While the
identification of clinically actionable and pathogenic mutations has revolutionized and
improved the field of precision medicine (Ahmed et al., 2020; Malone et al., 2020), these
only represent a minority of reported human genetic variants. Indeed, while there are
currently over 685 million human SNVs identified in the dbSNP database (Sherry et al.,
2001), less than 1% have a defined clinical interpretation in ClinVar (Landrum et al., 2018).
This issue is particularly endemic to rare genetic variants and those discovered in
minoritized populations and indigenous people (1000 Genomes Project Consortium et al.,
2015; Fox et al., 2020; Popejoy & Fullerton, 2016), highlighting the need for a significant
increase in studies that can functionally assess human genetic variants in laboratory settings.
At the core of these studies, is the ability to introduce genetic variants in living cells with
high efficiency and precision, something that can be accomplished using base editing
technologies. Such approaches allow researchers to study variants of interest in their native
cellular context, without confounding background genetic variation (which can occur in
studies using patient-derived cell lines), and base editing facilitates the generation of these
cellular models in a more time- and resource-effective manner than those that can be
achieved with DSB-dependent editing strategies. Specifically, because SNV introduction
efficiencies using DSB-mediated editing is so low (typically <1% in many cell types,
compared to >20% for most targets using base editing), researchers must screen through
hundreds of clones to obtain one with the desired genotype, or utilize DNA repair
manipulation or donor template design “tricks” that can extend the timing of cell line
generation by months or require the installation of additional, unwanted edit “scars” in the
locus of interest (see the Commentary section for more details) (Coggins et al., 2017; Kwart
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et al., 2017; Ousterout et al., 2015; Paquet et al., 2016; Ran et al., 2013; Riesenberg et al.,
2019; Yeh et al., 2019). Using base editing, these SNV-containing isogenic cell lines can be
generated in as little as ~2 weeks, with both heterozygous and homozygous genotypes
generated with high efficiencies (~25% each of clones screened). This rapid and efficient
generation of isogenic cell line models could subsequently facilitate the clinical
interpretation of variants with increased throughput compared to DSB-reliant methods, and
the identification of new therapeutic strategies in the field of precision medicine.

The protocols outlined below describe how to introduce site-specific CoG to TeA or AeT to
G+C mutations in the genome of mammalian cells, with the ultimate goal of generating SNV
isogenic cell lines (cell lines whose genomic sequences differ from each other at a single
nucleotide). The methodology is broken down into five basic protocols, starting with
designing and generating BE:gRNA combinations to introduce an SNV of interest (Basic
Protocol 1). We then describe the process for validating these BE:gRNA combinations in
bulk mammalian cells by Sanger or next-generation sequencing (Basic Protocol 2, Basic
Protocol 3, and Alternate Protocol 1). Lastly, we describe the procedure to isolate single
cells (Basic Protocol 4 and Alternate Protocol 2), and then expand and genotype isogenic
cell lines harboring the SNV of interest (Basic Protocol 5). We describe the whole process
using four SNVs in the MUTYH gene [1: 45340220 (GRCh38); ¢.35G>A p.W12*,
€.809T>C p.V270A, c.886C>T p.L296L; and c.909G>A p.E303E] as illustrative examples.
Additionally, this whole process (outlined in Figure 2) is designed to be modular, such that
the researcher can adapt the presented methodology according to their specific experimental
goals.

STRATEGIC PLANNING

The optimal BE:gRNA combination will depend on the experimental goal and sequence
surrounding the target base. While selecting a base editor, gRNA spacer, and suitable PAM,
there are several considerations that should be reviewed before starting (discussed in the
Critical Parameters section). These include sequence context surrounding the target base,
PAM and Cas variant selection, and acceptable levels of indels or off-target editing.

A particular challenge that many researchers encounter is “bystander editing”. This can
occur if other C or A nucleobases fall within the same exposed ssDNA window as the target,
and are unintentionally modified; these edited bases are referred to as “bystander mutations”
and can be problematic for phenotyping experiments. However, bystander editing can be
minimized by using a particular deaminase variant (such as one with a shifted editing
window or strict sequence preference) and careful PAM selection. The nucleotides flanking
the target base —especially the 5’ nucleotide for CBEs— will also influence deaminase
selection (see Arbab et al. 2020 for a detailed analysis of deaminase sequence preferences).
Finally, while certain experiments require no detectable indels and off-target editing (where
high-fidelity Cas and deaminase variants can be used), others will benefit from using BEs
with the highest on-target efficiency (see Critical Parameters and Table 2). As base editing
systems are modular, we recommend testing multiple BE:gRNA options initially (through
Basic Protocol 3), and then selecting the combination that produces the best editing profile
for isogenic cell line generation or downstream assays.

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasquez et al.

Page 4

An additional matter to consider before beginning is the fact that immortalized cell lines
may contain genetic variation or mutations in the target gene compared to the human
reference genome; we thus recommend sequencing the locus of interest in your cell line
before beginning. Within this protocol, we have included details on how to do this: see Basic
Protocol 1 step 6A for primer design, Basic Protocol 2 for “Harvesting Genomic DNA”, and
Basic Protocol 3 for sequencing the target site. Additionally, be sure to plan proper negative
controls when generating SNV-containing isogenic cell lines (see Critical Parameters).

BASIC PROTOCOL 1: DESIGN AND PRODUCTION OF PLASMIDS FOR BASE EDITING
EXPERIMENTS

Base editing experiments rely on the preparation of two high-quality plasmids: one
expresses the gRNA that designates the target genomic location, and the other, expresses the
BE protein component (Cas9-deaminase fusion). Accurate and efficient base editing relies
on careful design of the most appropriate BE:gRNA combination. Central to this, is the
identification of a PAM that enables the Cas protein to bind in a manner that only positions
the target C or A within the base editing window. We recommend the use of BEs that
incorporate the engineered SpCas9-NG for minimal targeting restrictions with the smallest
reduction in on-target activity in mammalian cells (Nishimasu et al., 2018). BEs that
incorporate other engineered variants, Cas9 homologs, and Cas12a orthologs, such as SpRY,
Sau/Sauri/Spy-mac, and Lb/As/Aa (Gaudelli et al., 2020; Hu et al., 2020; Y. B. Kim et al.,
2017; Lietal., 2018; Z. Liu et al., 2019; Richter et al., 2020; Walton et al., 2020) offer
additional PAM options but may have reduced on-target efficiencies at certain genomic loci
or broadened editing windows, leading to bystander mutations (see the Critical Parameters
section). The observed editing efficiency will depend on the context of the genomic site and
base editor used. We have listed recommended CBE and ABE variants in Table 2 and
discuss alternatives in Critical Parameters. Of note, optimized “BE-max” plasmids contain
GenScript human codon optimization for maximal expression levels, bipartite NLSs on both
termini for enhanced nuclear import, and an optional bicistronic enhanced green fluorescent
protein (EGFP) for assessment of transfection efficiency and BE expression (Koblan et al.,
2018; Zafra et al., 2018). The gRNA expression vector should contain a U6 promoter driving
expression of an S. pyogenes Cas9 gRNA (e.g. Addgene #47511). The initial spacer
sequence is irrelevant because site-directed mutagenesis will be used in this protocol to
replace the gRNA spacer using a 5’overhang on the forward primer.

This basic protocol outlines the steps to properly design gRNAs for BE experiments, replace
the spacer sequence in a gRNA expression vector, and prepare the appropriate plasmids for
mammalian cell transfection. Additionally, Basic Protocol 1 details primer design for the
amplification of a target genomic locus to quantify targeted SNV introduction by Sanger or
next-generation sequencing.

NOTE: If multiple BE:gRNA options are available, we recommend experimentally
validating all of them to identify the optimal combination that maximizes target C or A
editing and minimizes bystander editing. Automated programs discussed in the Commentary
section can also be used to predict potential off-target sites.

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.
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Plasmids expressing the base editing machinery (available at Addgene): S.
pyogenes Cas9 gRNA vector (#47511), BE4max-NG-GFP (equivalent to
#125616 with ancAPOBEC or #140001 with CMV promoter) for CeG to T*A
editing, and/or ABEmax-NG-GFP (#140005) for AT to G<C editing.

Nuclease-free water (VWR, cat. no. 82007-328)
T4 PNK (NEB, cat. no. M0201L)

T4 ligase buffer [ATP source] (NEB, cat. no. B0202S), or leftover from ligase
kits

Primers (Integrated DNA Technologies (IDT) or similar)

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, cat. no.
F534L)

10 mM dNTPs (NEB, cat. no. N0447S)

Reagents for agarose gel electrophoresis

1 kb DNA ladder (NEB cat. no. N3232L)

QIAquick PCR purification kit (Qiagen, cat. no. 28106)
Nanodrop spectrophotometer

Quick ligation kit (NEB, cat. no. M2200L)

Competent cells (Mach1, DH5a, or 10B)

Ampicillin or carbenicillin, 100mg/mL stock solution (see Reagents and
Solutions)

Agar plates (Elbing & Brent, 2019) with ampicillin/carbenicillin, final conc. 100

pg/mL

Liquid LB or 2xYT media (Elbing & Brent, 2019) with ampicillin/carbenicillin,
final conc. 100 pg/mL

0.2 mL PCR tubes (Fisher Scientific, cat. no. 07-200-259)

1.5 mL nuclease-free microcentrifuge tubes (VWR, cat. no. 87003-294)
Cryogenic storage vials, 2mL (VWR, cat. no. 10018-760)

Plasmid mini prep kit (QIAGEN, cat. no. 28106)

Endotoxin-free plasmid midi prep kit (Fisher Scientific, cat. no. NC0919795)

Protocol Steps
Design gRNA

1.

Import genomic locus of interest into sequence viewing software of choice. We
frequently use Benchling (https://www.benchling.com) or SnapGene (https://
Www.snapgene.com).

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.
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Be sure to import in the sense orientation using the reference genome
(*build”) and isoform that matches the SNV annotation.

Identify the target nucleotide (C or A) and find an NG PAM exactly 12 to 16
nucleotides downstream (i.e. towards the 3’ end of the strand containing the
target nucleotide, see Figure 3A for an example). The target can be on either
strand, as long as there is a suitable PAM on the same strand. Annotate the
protospacer. Alternately, free software programs such as the Benchling wizard
(Komor, 2016), BE-designer (Hwang et al., 2018), and BE-Hive (Arbab et al.,
2020) can be used for automated gRNA design (see Critical Parameters). As
most automated programs lack flexibility in deaminase and Cas variants, we
recommend manually designing your protospacers (Figure 3A) and checking
predicted editing efficiencies in BE-Hive (Arbab et al., 2020).

If bystander edits are unavoidable, choose the protospacer with
bystander nucleotides farthest from the center of the window (position
6) or one that will incorporate silent mutations (as long as it is not a
splice site).

If the protospacer does not start with guanine, add a 5°G to create a 21-
nucleotide spacer in the gRNA. For protospacers that already start with a 5’G
(such as the example V270 protospacer), move to the next step.

Adding a guanine drastically increases gRNA transcription from the U6
promoter, yielding high editing efficiencies, despite a possible 5
mismatch.

Design a custom forward primer with the sequence 5’-
[N2og_21]GTTTTAGAGCTAGAAATAGCA-3’, replacing the [Nog_p1] portion
with the protospacer sequence from the previous step (e.g. Table 1, #2 for
MUTYH V270). This will be used with the universal reverse primer (Table 1,
#1). Analyze this primer pair for homo- and hetero-dimers using the IDT oligo
analyzer (https://www.idtdna.com/pages/tools/oligoanalyzer). Note that
amplification may be difficult using primers with a AG< -10 kcal/mol.

The custom primer sequence should only include the protospacer
sequence without the PAM. In base editing experiments, the spacer
sequence will always be identical to the protospacer and contain the
target A or C because direct nucleobase modification occurs on sSSDNA
of the canonical “non-target strand” that is not duplexed with gRNA.
See Figure 3A for an example. It is also recommended to include a non-
targeting gRNA as a control (see Critical Parameters and Table 1 primer
#6).

Order the primers from IDT or another manufacturer of choice for custom gRNA

construction via site-directed mutagenesis of the spacer or “around-the-horn”
cloning.

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.
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Design primers for amplification of genomic locus

6.

A. Use a primer design tool (e.g. Primer3 or other) to generate a pair of primers
that amplify a ~1 kilobase (kb) region containing the protospacer, for Sanger
sequencing. See Figure 4A and Table 1, primers #11-12 for V270 example using
the Benchling Primer3 design wizard.

These primers should ideally be 18-24 base pairs (bp) long, and have
40-60% GC content and melting temperatures of 60-65°C. To ensure
that at least one of these primers is appropriately positioned to yield
maximum quality sequencing data of the protospacer region of the
amplicon, the target sequencing region should be at least 50 bp away
from the primer used for sequencing.

B. Alternatively, design primers for Illumina next-generation sequencing (NGS).
This requires specific adapter sequences be added to both the forward and
reverse primers, and a much shorter amplicon. Design a primer pair that
amplifies 200-250 bp of DNA (for a 300-cycle NGS run; if a 150-cycle NGS run
will be used, the amplicon should be 100-125bp long) with the same parameters
as above. Then, add the adapter sequences #13 and #14 from Table 1 onto the
5’end of the forward and reverse primers, respectively. For the MUTYH V270
example, the Primer3 Wizard on Benchling was used to identify 22-nt PCR
primers that amplify a 249 bp region around the protospacer, and the Illumina
NGS adapters were added to create primers #15 and 16 in Table 1. Order these as
the round 1 PCR primers. A second round of amplification is required to provide
the samples with P5/P7 tails and unique barcodes. Order round 2 PCR primers
based on the lllumina barcoding system to be used during library preparation.
See Alternate Protocol 1 for more information.

Clone new spacer into gRNA expression plasmid via site-directed
mutagenesis

7.

In 0.2 mL PCR tubes, 5’ phosphorylate each primer (forward and reverse, from
step #5 above) individually in separate 20 L reactions by combining the
following (in the order stated):

. 15 L nuclease-free water

. 2 pL primer (100 pM stock)

. 2 UL T4 DNA ligase buffer

. 1 uL T4 polynucleotide kinase

Mix well and quickly spin to collect sample. The 20 uL of
phosphorylated primer is enough for 8 PCR reactions—scale
up if the primer is needed for more than 8 gRNAs (i.e. the
universal reverse).

Place the reaction tube in a thermocycler and run the following program:

. 37°C for 20 min

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.
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In a PCR tube on ice, combine the following reagents for a 50 L reaction (in the
order stated):

. X UL nuclease-free water (fill to a total volume of 50 uL)

. 10 pL Phusion HF buffer

. 1 uL dNTP mix

. 2.5 uL. FWD phosphorylated primer (10 uM from previous step)
. 2.5 UL REV phosphorylated primer (10 uM from previous step)

. ~1 ng DNA template: gRNA expression plasmid with different spacer

sequence, (Addgene # 47511, noted above)

. 0.5 pL Phusion polymerase

Mix, quickly spin, and run a thermocycler program with the following cycling

conditions:
1 cycle: 30 sec 98°C | (initial denaturation)
~35 cycles: | 10 sec 98°C | (denaturation)
20 sec 65°C | (annealing)
35-45sec | 72°C | (extension)
1 cycle: 5 min 72°C | (final extension)
hold 12°C | (hold)

Run a1 pL aliquot out on an agarose gel (1-1.5%) with a 1kb DNA ladder to
check for a PCR product that is ~2.3 kb long (see Figure 3B for an example).

If there is no PCR product, use the GC buffer or additives such as
DMSO or formamide (5%). If there are unwanted products, increasing
the annealing temperature or decreasing the primer concentration can
improve specificity. Gel extracting the band of interest is also possible

during step 13.

Add 1 pL Dpnl to the PCR product, mix, and spin. Incubate at 37°C for 1 hr.

Purify PCR products using the Qiagen PCR clean-up protocol.

Using a vacuum manifold followed by thoroughly drying the column in

a centrifuge is suggested.

Quantify the concentration of the PCR product using a Nanodrop. Then, prepare
a 20 pL ligation reaction to circularize the linear PCR product, which contains

the new spacer sequence and 5’ phosphate groups. In a PCR tube, combine:

~50 ng PCR product after clean-up (from previous step)
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X UL nuclease-free water (fill to a total volume of 20 uL)
10 uL 2X Quick Ligase buffer
1 pL Quick Ligase
Mix, quickly spin, and incubate at room temperature for 5-10 min.

Using sterile technique, transform ~5 pL of the ligated product into competent
bacterial cells of choice. We recommend Alternate Protocol 1 described by
Seidman and coworkers (Seidman et al., 2001). Plate 10-50 pL cells on an agar
plate containing 100 pg/mL ampicillin or carbenicillin in a manner that will yield
single colonies, and grow at 37°C overnight.

The BE and gRNA plasmids we recommend confer ampicillin/
carbenicillin resistance. Expect ~20-200 colonies, with the majority
containing the desired spacer sequence replaced.

Pick 1-2 colonies per clone and grow in liquid LB or 2xYT media supplemented
with 100 pg/mL ampicillin/carbenicillin until saturated.

Using cells that double rapidly, such as Mach1, allows for short growth
periods (~6 hrs). Inoculating colonies in 1-3 mL of media allows for
sequencing on the same day. Save the plates airtight at 4°C (using
Parafilm) and mark the colonies screened.

Mini-prep saturated cultures.

We recommend saving the original culture tubes with un-lysed bacteria
at 4°C to create starter cultures for correct clones

Quantify the prep using a Nanodrop, and then run an aliquot on an agarose gel
(1.5%) to check the quality and size of the plasmid (see Figure 3C for an
example).

The supercoiled gRNA plasmid runs around ~1.5 kb on a linearized
ladder.

Send in preps for Sanger sequencing using gRNA sequencing primer #7 in Table
1 (U6), to confirm the presence of the new spacer sequence.

Sequence the entire backbone using primers #8-10 in Table 1 (at this
step or after step 26, the midi-prep) as mutations may occur during
PCR. Note that the universal U6 promoter primer that many sequencing
companies use anneals very close to the spacer region and may not
provide high-quality sequencing data of this region of the plasmid.

Prepare High Quality, Endotoxin-free gRNA and BE plasmid DNA

21.

Once the base editor plasmids are obtained from Addgene, streak the surface of
the bacterial stab onto an LB or 2xYT plate containing 100 pg/mL ampicillin or
carbenicillin. Use sterile technique and streak for single colonies. Incubate at

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasquez et al.

Page 10

37°C overnight (see https://www.addgene.org/recipient-instructions/
myplasmid/).

22.  Inthe morning, grow 0.5 mL starter cultures of LB or 2xYT media with 100
pg/mL ampicillin or carbenicillin for each BE and gRNA plasmid required, at
37°C for ~6 hr or until saturated. For BEs, inoculate a single colony from the
plate in the previous step. For gRNAs, add antibiotic-containing media to culture
tube saved at step 18 or inoculate from the original plate to avoid re-
transforming.

23.  Dilute into 50 mL for midi-prep (or 200 mL for maxi-prep) cultures for
overnight growth.

24.  Once saturated, remove 0.5 mL of culture and combine with 0.5 mL 50%
glycerol in a 2 mL cryogenic vial. Freeze stock at —80°C.

25.  Use the remainder of the culture to prepare endotoxin-free midi- or maxi-preps
based on the manufacturer’s protocol.

If solution is cloudy after the syringe filter step of the midi- or maxi-
prep, centrifuge the 50 mL tube for 10 min at 4,000 rcf and proceed
with supernatant. Using a vacuum manifold is suggested. Drying the
wash buffer from the column is critical (spin in microcentrifuge for 2-3
min at =12,000 rcf). At the elution step, pre-incubating the buffer at
55°C for 3-5 min increases DNA yield.

26.  Quantify the plasmid sample using a Nanodrop and run an aliquot out on an
agarose gel to confirm the quality of midi- or maxi-prep (Figure 3C).

BEs plasmids are high-copy while the gRNA plasmid is medium- to
low-copy.

BASIC PROTOCOL 2: TRANSFECTING ADHERENT CELLS AND HARVESTING GENOMIC

DNA

Before proceeding to generate isogenic cell lines, it is highly recommended to validate the
BE:gRNA combination(s) from Basic Protocol 1. The most time- and resource-effective way
to accomplish this, is with an easy-to-transfect cell line, such as Human Embryonic Kidney
293 (HEK293) cells. While many different methods are available to deliver the BE and
gRNA into cells (such as viral transduction, mRNA transfection or electroporation, and
ribonucleoprotein transfection or electroporation), the protocol outlined here utilizes
commercial cationic lipid reagents to transfect cells with plasmids encoding the BE and
gRNA. This basic protocol details how to deliver transfection-quality plasmids into HEK293
cells and extract the genomic DNA (gDNA) for downstream sequencing.

We utilize HEK293T cells for base editing experiments. HEK293T cells contain an
endogenous copy of the SV40 large T antigen. As such, plasmids containing an SV40 origin
of replication will be replicated in HEK293T cells, resulting in longer-term expression of
recombinant proteins, which can cause higher levels of off-target editing with genome

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.
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editing agents. Because of that, the plasmids used by the authors do not contain an SV40
origin of replication.

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO, (g)
incubator. Use 10% FBS in DMEM with or without added pen/strep for all steps as
indicated. All experimental work in this section must be done using sterile reagents and
proper aseptic techniques (Phelan, 2006). Failure to do so, will result in possible
contamination, which will disrupt downstream workflow and cause wasting of valuable
laboratory resources.

Materials:
. HEK?293T cells (ATCC CRL-3216)

. Nuclease-free water (VWR, cat. no. 82007-328)

. Endotoxin-free base editor and gRNA plasmids from Basic Protocol 1
. 48-well plates (VWR, cat. no. 10062-898)

. Lipofectamine 2000 (Life Technologies, cat. no. 11668-019)

. Opti-MEM Reduced Serum Medium, Gibco (Life Technologies cat. no.
31985070)

. Phosphate-buffered saline (PBS; Gibco Life, cat. no. 10010049)

. Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, cat.
no. 10566024)

. Fetal Bovine Serum (FBS; Life Technologies, cat. no. 10437-028)
. 1.5 mL nuclease-free microcentrifuge tubes (VWR, cat. no. 87003-294)

. 10% (wi/v) sodium dodecyl sulfate (SDS) stock solution (see Reagents and
Solutions)

. 1M Tris HCL stock solution (pH 8.0; see Reagents and Solutions).

. Proteinase K enzyme (NEB, cat. no. P8107S)

. 0.2 mL PCR tubes (Fisher Scientific, cat. no. 07-200-259)

. 1.5 mL nuclease-free microcentrifuge tubes (VWR, cat. no. 87003-294)
. Fluorescence microscope

. 37°C incubator with humidified atmosphere of 5% CO, (g)

Protocol Steps
Transfecting HEK293T Cells with BE and gRNA

1. Plate HEK293T cells in medium without antibiotics such that they will be 70—
85% confluent upon transfection (see Figure 5A for example).
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For a 48-well plate, 100,000 cells/well (in a well consisting of 250 pL
of 10% FBS in DMEM culture medium, or a cell solution of 4.0 x 10°
cell/mL) is usually ready to transfect 4 hours after plating. 50,000 cells/
well (in 250 pL of medium per well, or a cell solution of 2.0 x 10°
cell/mL) is usually ready to transfect 16 hours after plating.

2. Warm Opti-MEM to room temperature prior to adding Lipofectamine 2000.

3. For each transfection, 200 ng of gRNA plasmid and 800 ng of BE plasmid is
needed if done in a 48-well plate format. Also, include a negative control
transfection sample that contains a non-targeting gRNA or no gRNA (see
Commentary section, “Inclusion of proper controls”). For different transfection
formats, the total amount of plasmid and Lipofectamine will need to be
appropriately scaled up or down. Prepare two different tubes per transfection:

a. Tube A: add 200 ng of gRNA plasmid and 800 ng of BE plasmid.
Dilute the DNA with Opti-MEM to a total volume of 12.5 jL.

b. Tube B: add 1.5 pL of Lipofectamine 2000 and 11 pL of Opti-MEM.

In some instances, you may be required to generate multiple
edits in parallel. In this case, follow step 3a and 3b for each
BE:gRNA combination.

4, Mix the contents of tube A and tube B and incubate the mixture for 15 minutes at
room temperature prior to transfection.

5. Carefully add the 25 puL mixture dropwise to the cells and place back into the
incubator.

Be careful not to touch the bottom of the well with the pipet tip to avoid
disturbing the cell monolayer.

6. Monitor the cells under a fluorescence microscope after 24 hr. EGFP-positive
cells should be observed evenly across the surface of the plate (see Figure 5A).
Transfection efficiency should be at least 70% (ideally over 90%). If not, please
refer to the Troubleshooting section.

Lipofectamine can be toxic to the cells, so we recommend checking on
the health status of the cells on the microscope every day. If cells appear
healthy, changing medium after 48 hr (instead of 24 h) is also sufficient.
If high cell toxicity is observed, as seen in Figure 5B, change to fresh
DMEM medium before 24 hr.

7. After 24 hr, aspirate the old medium and gently rinse cells with 150 pL of PBS

Be careful, as roughly adding the PBS will result in dislodging adherent
cells.

8. Gently aspirate off the PBS and add 250 pL of fresh pre-warmed (37°C) culture
medium (10% FBS in DMEM with 1% Pen/Strep).

9. Return to incubator for two additional days after media is replaced.
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Harvesting Genomic DNA

10.

11.

12.

13.

14,

Prepare cell lysis solution prior to taking cells from step 9 out of the incubator.
100 pL of cell lysis solution will be required per well when done in a 48-well
plate format. As such, prepare a master mix solution containing the following: 10
mM Tris (pH 7.5), 0.05% SDS, 25 ug/mL proteinase K.

For example, a 1-mL master mix cell lysis solution will contain the
following: 983.75 L of nuclease-free water, 10 uL of 1M Tris HCL
stock solution (pH 8.0), 5 uL of 10% SDS stock solution, and 1.25 puL
of Proteinase K enzyme. The Tris and SDS may be prepared in advance,
but the Proteinase K must be added immediately prior to use.

Aspirate 250 pL of the old medium and gently rinse the cells with 150 L of
PBS. Carefully aspirate off the PBS.

Add 100 pL of cell lysis solution prepared in step 10 to each well and wait for 3—
5 minutes, or until cells are completely dislodged from the bottom of the well.

Collect the cell lysate into PCR tubes.

Slightly tilt the 48-well plate. Prior to contacting the cell lysate with the
pipette tip, displace 100 uL of air. Collect 100 uL of cell lysate on the
first suction and transfer to PCR tubes. Pipetting the cell lysate up and
down, especially vigorously, will result in air bubbles that will reduce
the amount of harvested genomic DNA. Be advised—the viscosity of
genomic DNA increases the chance for cross-contamination of samples
to occur.

Incubate the cell lysis reaction in the thermocycler:
. 37°C for 1 hr 30 min
. 80°C for 30 min
. Hold at 4°C

Keep cell lysate at 4°C and avoid freeze/thaw cycles. Amplification
works best on fresh gDNA, and the lysate can be used directly or
diluted (1:5-1:50) depending on the cell density before harvesting.
After incubation in the thermocycler, cell lysate normally appears
slightly cloudy and will be more viscous when higher amounts of
gDNA are present. Optionally, a Nanodrop can be used to estimate
gDNA concentration (blank with lysis solution), although impurities in
the lysate reduce the accuracy of the readings.

BASIC PROTOCOL 3: GENOTYPING HARVESTED CELLS USING SANGER SEQUENCING

After transfection with the BE:gRNA combination(s), base editing efficiency needs to be
assessed to determine the feasibility of generating an isogenic cell line harboring the target
SNV. Generally, an editing efficiency >10% is sufficient to proceed (Figures 2C; 6A).
Sanger sequencing is a cost-effective alternative to next-generation sequencing (Alternate
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Protocol 1) and is usually sufficient to determine the feasibility of generating cell lines with
the SNV of interest. However, accurate quantification of editing efficiencies with Sanger
sequencing is only possible when efficiencies are between 10-90% and when using high-
quality sequencing traces (See Figure 4). Please refer to the “Using EditR to Quantify Base
Editing Efficiencies” section to understand how to determine editing efficiency using Sanger
Sequencing (directly after step 4 of this protocol). If sequencing many different samples
(>100), or if absolute quantification of base editing efficiencies less than 10% is required,
we recommend using NGS (see Alternate Protocol 1).

Materials:

QIAquick PCR purification kit (Qiagen, cat. no. 28106)
Cell lysate from Basic Protocol 2

Primers

dNTP mix, 10mM each (NEB, cat. no. N0O447L)

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, cat. no.
F534L)

DMSO

0.2 mL PCR tubes (Fisher Scientific, cat. no. 07-200-259)
Thermocycler

Reagents for agarose gel electrophoresis

100 bp DNA ladder (NEB, cat. no. N3231L)

Nanodrop spectrophotometer

Access to Sanger sequencing facility (e.g. GENEWIZ)

Data analysis platform to analyze the sequencing results (e.g. Benchling)

Protocol Steps
PCR of genomic DNA

1.

For each sample, combine the following reagents (in the order stated) for a 50 uL
PCR reaction to amplify the genomic locus of interest:

. X UL Nuclease-free water (fill to a total volume of 50 L)

. 10 pL GC Buffer

. 1 pL dNTP mix (10 mM each)

. 0.5 pL 10uM forward primer (in this example, #11 Table 1)
. 0.5 uL 10uM reverse primer (in this example, #12 Table 1)
. 1.5 uL 100% DMSO

. 0.5 pL cell lysate (JDNA) from step 14 of Basic Protocol 2
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. 0.5 L of Phusion DNA polymerase

It is imperative to include a negative control sample every time
amplification from gDNA is performed. In this sample, 0.5 pL
of water is added instead of the cell lysis solution (JDNA) to
control for reagent contamination. We suggest making a
master mix, then adding the cell lysate and polymerase to
individual aliquots.

Mix, quickly spin, and run in a thermocycler with the following cycling
conditions:

1 cycle: 30sec | 98°C (initial denaturation)

25t0 34 cycles*: 10sec | 98°C (denaturation)

25sec | 65°C** (annealing)

10sec | 72°C (extension)

1 cycle: 5min | 72°C (final extension)

1 cycle: e} 12°C (hold)

*
See “Quantification of base editing efficiency in bulk cells” in the Critical Parameters section for

information regarding determining the correct number of cycles to use during gDNA amplification
* A

The annealing temperature is specific to the primers chosen. In this protocol, it is recommended that
researchers use an automated primer design tool (Step 6A of Basic Protocol 1). Using the Benchling
Primer3 design wizard, the default optimal annealing temperature is 65°C. If the primer pair’s annealing
temperature is not 65°C, please adjust accordingly.

Run a 5 pL aliquot of each PCR reaction on a 2-3% agarose gel using a 100 bp

ladder for size comparison (see Figure 4B for an example).

If you do not get the correct-size product bands, please refer to the
Troubleshooting section.

After confirming the presence of a correctly-sized PCR product, prepare the
samples for sequencing. Genewiz (https://www.genewiz.com/en) offers two
Sanger sequencing options, but this may depend on the sequencing vendor of
choice:

a. Sending purified PCR product: Purify the product with QIAquick PCR
purification kit following the manufacturer’s instructions. Measure the
DNA concentration after PCR clean-up of each sample using a
Nanodrop. Prepare the appropriate amount of DNA along with the
sequencing primer (we recommend using either the forward or reverse
primer from the PCR reaction that is positioned at least 50-75 bp away
from the target base of interest) in the same tube according to company
protocol.

b. Sending unpurified PCR product: unpurified PCR samples sent for
Sanger sequencing will undergo an enzymatic PCR purification
protocol. Provide the appropriate amount of the successful PCR
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reaction in one tube according to sequencing company guidelines.
Provide the appropriate amount of sequencing primer (we recommend
using either the forward or reverse primer from the PCR reaction,
whichever one is at least 75-bp away from the target base of interest) in
a separate tube. We recommend submitting a picture of the labelled gel
as well to the sequencing company as this can help with quantification
and troubleshooting, if necessary.

Sending unpurified PCR product (step 4b.) usually results in
better sequencing coverage quality and thus, an easier to
interpret chromatogram, but costs extra.

Using EditR to Quantify Base Editing Efficiencies: Quantifying base editing efficiency of
the target nucleotide is needed either to (a) determine the feasibility of generating a cell line
with a given SNV as seen in Basic Protocol 3, or (b) confirm the introduction of either a
homozygous edit or heterozygous edit into mammalian cells as seen in Basic Protocol 5. In
both instances, we recommend measuring the base editing efficiency of the total harvested
cells in bulk using a simple and publicly available program, “EditR.” (https://
moriaritylab.shinyapps.io/editr_v10/; Kluesner et al., 2018). EditR is a free online tool or
desktop application which requires an .ab1 Sanger sequencing file of the potentially edited
region (~300-700bp) and the gRNA protospacer sequence (~20bp) to predict where a base
edit occurred. Once the .ab1 file and DNA protospacer sequence are correctly uploaded,
EditR generates a plot displaying editing efficiencies at each base within the protospacer
(Figure 6D and 6E).

NOTE: If we state, “an editing efficiency of ~10%”, this means that ~10% of the cells of the
total harvested cell population have a successful edit at the target base. This is will be
indicated by overlapping chromatogram peaks at the targeted nucleotide. In this hypothetical
example, it would show ~90% unedited base and ~10% edited base in the sequencing
chromatogram. Using MUTYH V270 as an example, Figure 6A and 6D shows a
chromatogram where the base edit efficiency is reported as 38% (P = .01) by EditR. Itis
important to note that a poor-quality Sanger sequencing chromatograph (such as that shown
in Figure 6C) may produce an EditR output file that falsely shows editing at the target base
(see Figure 6E). It is, therefore, important to confirm that non-A/C bases in the protospacer
display less than ~7% editing.

The following steps have been adapted from the online protocol found at https://
moriaritylab.shinyapps.io/editr_v10/:

5. Upload your .ab1 file of the sequenced region.
6. Enter the gRNA sequence protospacer sequence.
. If your gRNA is antisense to the .ab1 file, check the “Guide sequence is

reverse complement” box.

7. Click the “Predicted Editing” tab.
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8. Examine the gRNA protospacer chromatogram and underlying tile plot to
determine if base editing occurred. Observing >10% editing efficiency at the
target base (as indicated by a double peak at the targeted nucleotide showing
<90% unedited base and >10% edited base in the sequencing chromatogram) is
sufficient to proceed (Figure 6A).

. All colored tiles represent base calls that are deemed significant, i.e. if
there are multiple colored tiles under a single base call, base editing
likely occurred.

9. If you wish to download a report of the operations performed on your data, click
the “Download Report” tab on the top of the page.

ALTERNATE PROTOCOL 1: NEXT-GENERATION SEQUENCING TO QUANTIFY BASE
EDITING

Some base editing experiments require rigorous quantification to accurately determine
absolute editing efficiencies or to deconvolute editing patterns in bulk. Next-generation
sequencing (NGS) enables the researcher to quantify individual edited alleles, which can be
helpful to establish the frequency of bystander mutations in bulk before isolating single
cells. NGS is also desirable when genotyping edited cell lines at target sites with increased
copy number (due to gene duplication) or if robust quantification of indels is needed. In
these cases, the harvested genomic DNA samples from Basic Protocol 2 or Basic Protocol 5
should be amplified and prepared for Illumina NGS. Targeted amplicon sequencing for
genome editing experiments has been previously described in depth by Veeranagouda and
coworkers, as well as by Yang and coworkers (Veeranagouda, et al., 2018; Yang, et al.,
2014). We recommend quantifying base editing using a 300-cycle, paired-end NGS run with
a 200-250 bp amplicon. However, the amplicon length can be easily altered for other types
of sequencing runs. Primers for the initial amplification (round 1) should be designed with
the proper adapter sequence and distance from the target site, as described in step 6B of
Basic Protocol 1, and Figure 4A. Then, sample barcodes (for de-multiplexing) and Hlumina-
specific P5/P7 tail sequences will be added during the round 2 PCR. Once the data is
acquired, we suggest performing data analysis with the free CRISPResso02 software using
the batch mode and base editor output (Clement et al., 2019). See the Critical Parameters
section for additional considerations.

Materials:

. Cell lysate from Basic Protocol 2
. Primers for round 1 PCR (IDT or any other DNA provider)

. Primers for round 2 PCR (IDT or any other DNA provider) from Table 3, or TG
Nextera® XT Index Kit v2 (Illumina, cat. no. TG-131-2001)

. dNTP mix, 10mM each (NEB, cat. no. N0O447L)

. Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, cat. no.
F534L)

. DMSO
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Nuclease-free water (VWR, cat. no. 82007-328)

0.2 mL PCR tubes (Fisher Scientific, cat. no. 07-200-259)
Thermocycler

Reagents for agarose gel electrophoresis

100 bp DNA ladder (NEB, cat. no. N3231L)

QIAquick PCR purification kit (Qiagen, cat. no. 28106)

Qubit fluorometer with dSDNA HS assay kit (Q32854), or gPCR with NEBNext
Library Quant Kit for Illumina (E7630L)

Protocol Steps

Next-Generation Sequencing

1.

2.

To amplify the genomic locus of interest, create a 25 pL round 1 (rd1) PCR
reaction for each gDNA sample (BE:gRNA combination), and a negative control
containing water. For each sample, combine the following reagents (in the order
stated):

. X UL Nuclease-free water (fill to a total volume of 25 L)
. 5 uL GC Buffer
. 0.5 uL 10 mM dNTPs

. 0.5 pL 10puM forward NGS rd1 primer (for the MUTYH V270 example,
primer #15 Table 1)

. 0.5 pL 10pM reverse NGS rd1 primer (for the MUTYH V270 example,
primer #16 Table 1)

. 0.75 uL 100% DMSO
. 0.5 pL cell lysate (gDNA)
. 0.25 pL of Phusion DNA polymerase

It is imperative to include a negative control sample every time
amplification from gDNA is performed. In this sample, 0.5 pL
of water is added instead of the cell lysis solution, to control
for gDNA contamination. We suggest making a master mix,
then adding the cell lysate and polymerase to individual
aliquots.

Mix, quickly spin, and run in a thermocycler with the following cycling
conditions:

1 cycle: 60 sec | 98°C | (initial denaturation)

2210 28 cycles*: 10sec | 98°C | (denaturation)

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasquez et al.

20sec | 65°C | (annealing)
10sec | 72°C | (extension)
1 cycle: 5min | 72°C | (final extension)
1 cycle: e} 12°C | (hold)
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*

To avoid PCR bias, use the minimum number of cycles that provides robust amplification. This may
require optimization for each target locus (see also “Quantification of base editing efficiency in bulk cells”
in the Critical Parameters section).

3. Run a 1-2 L aliquot of each PCR reaction on a 2% agarose gel using a 100 bp
ladder (see Figure 4C for an example).

NGS round 1 adapter sequences add 66 bp to the length of your

amplicon. If you do not get the correct-size product bands, please refer
to the Troubleshooting section.

4. Set up the round 2 (rd2) PCR. This second round adds a unique barcode

designated by an 8-nt sequence in each of the primers: Al in this example (Fwd-
AJRev-1). For each rd1 sample, create a 25 pL rd2 PCR reaction by combining
the following reagents (in the order stated):

. X UL Nuclease-free water (fill to a total volume of 25 L)

. 5 uL GC Buffer

. 0.5 uL 10 mM dNTPs

. 0.5 uL 10puM forward NGS rd2 primer (custom barcode; #1 Table 3, A

for example)

. 0.5 uL 10uM reverse NGS rd2 primer (custom barcode; #13 Table 3, 1

for example)

. 0.75 pL 100% DMSO (optional)

. 0.5 pL rd1 PCR product

. 0.25 pL of Phusion DNA polymerase

The negative control sample in this PCR should contain 0.5 uL
of the round 1 negative control PCR product. Barcodes can be

custom-generated and input into the sequencer, such as those
provided in Table 3, or ordered in a kit through Illumina (TG

Nextera® XT Index Kit v2).

5. Mix, quickly spin, and run in a thermocycler with the following cycling
conditions:
1 cycle: 60 sec | 98°C | (initial denaturation)
810 16 cycles*: 10sec | 98°C | (denaturation)
20sec | 65°C | (annealing)
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10sec | 72°C | (extension)

1 cycle: 5min | 72°C | (final extension)

1 cycle: [e) 12°C | (hold)

*
Use the minimum number of cycles that provides robust amplification.

6. Run a 1-2 L aliquot of each PCR reaction on a 2% agarose gel using a 100 bp
ladder (see Figure 4C for an example).

NGS round 2 adapter sequences add 74 bp to the length of your rd1
PCR product (or a total of 140 bp to your original amplicon).

7. Pool rd2 PCR products from all samples together (e.g. no gRNA control and
each BE:gRNA combination at the locus of interest). Perform a gel extraction on
the pooled samples to eliminate lower molecular weight products that would
decrease the quality of the NGS data.

We recommend doing a second PCR clean-up on the elution to remove
any agarose (peak absorbance at 230nm) that remains after gel
purification. A Nanodrop can be used to determine purity and roughly
quantify concentration. Then, dilute into the quantification range needed
for the next step.

8. Accurately quantify the DNA concentration of the libraries following the Qubit
dsDNA HS assay kit protocol.

Alternatively, the NEBNext Library Quant Kit for Illumina protocol
describes quantification by gPCR.

9. Set up the NGS run according to lllumina protocols or submit to a sequencing
core facility.

We recommend analyzing data with CRISPResso2 (Clement et al.,
2019), discussed in the Critical Parameters section.

BASIC PROTOCOL 4: SINGLE CELL ISOLATION OF BASE EDITED CELLS USING FACS

Following confirmation of >10% editing efficiency, the next step is to isolate single cells and
clonally expand them, to obtain isogenic cell lines harboring the SNV of interest. In this
article, we describe two different methods for doing this: one utilizes fluorescence-activated
cell sorting (FACS) (this protocol), and the other, utilizes dilution plating (Alternate Protocol
2). Using FACS followed by clonal expansion is preferred over dilution plating for two key
reasons. Firstly, FACS allows for the discrimination between single cells and multiplets,
which eliminates the chances of obtaining doublet cell-derived colonies (a frequent
observation seen in dilution plating, Figure 7E). Secondly, FACS allows for the
discrimination between untransfected and transfected cells when using plasmids with
fluorescent markers, which is particularly important when working with cell lines with low
transfection efficiencies. Dilution plating, however, is more cost-effective, gentler on the
cells, and does not require specialized instrumentation. Dilution plating, therefore, may be
preferred over FACS when working with sensitive cells or if the researcher does not have
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access to FACS instrumentation (or simply when working with plasmids which do not
possess fluorescent markers).

NOTE: We used ABEmax-NG-GFP (Addgene #140005) to generate the V270A MUTYH
variant used in this example. In this plasmid, although EGFP and ABE are both transcribed
in a single mMRNA transcript, they are translated into unique and separate proteins via the
“self-cleaving” P2A linker. Therefore, FACS can be used to sort individual EGFP-positive
cells (Figure 2E), which selects cells that are actively expressing the BE. There are also
methods to select for cells with high BE activity (rather than simply expression); see the
Critical Parameters section for more details on this.

Materials:

HEK?293T cells (ATCC CRL-3216)
Nuclease-free water (VWR, cat. no. 82007-328)

Endotoxin-free base editor plasmids and cloned gRNA plasmids from Basic
Protocol 1

48-well plates (VWR, cat. no. 10062-898)
96-well plates (VWR, cat. no. 10062-900)
Lipofectamine 20000 (Thermo Fisher Scientific, cat. no. 11668-019)

Opti-MEM Reduced Serum Medium, Gibco (Life Technologies cat. no.
31985070)

Phosphate-buffered saline (PBS; Gibco, cat. no. 10010049)

Dulbecco’s Modified Eagle’s Medium (DMEM; CoreBio, cat. no. 10566-024)
Fetal Bovine Serum (FBS; Thermo Fisher Scientific, cat. no. 10437-028)
Pen/Strep (Gibco, cat. no. 15070063)

1.5 mL nuclease-free microcentrifuge tubes (VWR, cat. no. 87003-294)

5 mL round bottom polystyrene test tube, with cell strainer snap cap (Thermo
Fisher Scientific, cat. no. 352235)

Sterile 15 mL conical tubes

Accumax (Accutase, cat. no. AM105)

Propidium lodide (PI; Thermo Fisher Scientific, cat. no. P3566)
Fluorescence microscope

Centrifuge

37°C incubator with humidified atmosphere of 5% CO, (g)
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Protocol Steps

Transfect for Single Cell Isolation

1.

Transfect the HEK293T cells with the BE:gRNA combination(s) that show
desired editing activity in bulk, as described in Basic Protocol 2 steps 1 to 8.
Incubate the cells for three days post transfection.

It is important to include a proper negative control sample (see Critical
Parameters), such as a non-targeting gRNA or no gRNA.

1-2 days after the transfections, prepare 96-well plates containing 100 pL of
culture medium in each well (50% FBS, 1% Pen/Strep). Generally, 2 plates per
well in step 1 is sufficient to obtain cells containing the SNVs of interest, as
referred to in the Understanding Results section. Place the plates into the tissue-
culture incubator overnight.

Single transfected cells from step 1 will be sorted into individual wells
of the 96-well plate. For generating single nucleotide variant clonal cell
lines, two 96-well plates per BE:gRNA combination containing DMEM
with 50% FBS, 1% Pen/Strep is used but other sorting culture medium
is also commercially available. Preparing extra collection plates with
medium is optional.

Preparation of the Cells for FACS

3.

Three days post-transfection, aspirate 250 uL of the old medium from the
transfected cells and gently rinse cells with 150 pL of PBS. Carefully aspirate off
the PBS.

Add 300 pL of Accumax to each well and incubate at 37° for 5 to 10 min, or
until cells are completely dislodged from the bottom of the well.

The use of trypsin is not advised to prepare cells for sorting as it is too
harsh and will result in fewer cells surviving the clonal expansion
process.

Create a suspension by gently pipetting up and down several times.

Transfer the cell suspension to a 15-mL conical tube, then centrifuge for 5 min at
100 RCF at room temperature. Aspirate supernatant.

Resuspend each sample with 1 ml of PBS supplemented with 0.5 pl of the
viability dye PI. Take an aliquot and count the cells using a hemocytometer.

3-7 million cells per mL is recommended. This target concentration
should be met if the well surface is near confluency.

Although not a requirement, P1 will improve efficiency of obtaining
single cell clones when sorting.

Filter cells through a sterile 35um cell strainer to collect a uniform suspension in
a 5 mL polystyrene round-bottom tube. Place on ice until sort.
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9. Using the FACSAria Il system (or equivalent), and under sterile conditions, sort
single EGFP-positive cells into individual wells of the 96-well plates containing
100 pL of culture media containing DMEM with 50% FBS, 1% Pen/Strep.

10.  Place plates into tissue-culture incubator as soon as possible after sorting.

ALTERNATE PROTOCOL 2: SINGLE CELL ISOLATION OF BASE EDITED CELLS USING
DILUTION PLATING

Dilution plating offers a cost-effective alternative when researchers do not have access to a
sorting machine or when they are working with plasmids which do not possess fluorescent
markers. Furthermore, dilution plating might be preferred when working with sensitive cell
lines that are less likely to survive the sorting conditions. However, there are two major
limitations to dilution plating. Firstly, the chances of obtaining doublet cell-derived colonies
increases. We have found, however, that using a 35um sterile cell strainer prior to dilution
plating reduces the chances of obtaining doublet-derived colonies. Secondly, dilution plating
does not allow for the discrimination between untransfected and transfected cells, something
that is possible when using FACS. Therefore, the rates of successfully obtaining a cell line
harboring the SNV of interest are reduced (please refer to the Understanding Results
section). Therefore, screening more single cell-derived colonies per transfection may be
necessary to obtain the cell line of interest when using this method. This can be
accomplished by using more than two plates per transfection. This protocol uses an
adaptation of methods previously described (Giuliano, et al., 2019).

Materials:
. 96-well plates (VWR, cat. no. 10062-900)

. Dulbecco’s Modified Eagle’s Medium (DMEM; CoreBio, cat. no. 10566-024)
. Fetal Bovine Serum (FBS; Thermo Fisher Scientific, cat. no. 10437-028)

. Pen/Strep (Gibco, cat. no. 15070063)

. 35um sterile cell strainer snap cap (Life Sciences, cat. no. 352235)

. 8-channel 200uL micropipettor

. Reagent dispensing reservoir/tray (VWR, cat. no. 89094-662)

. TrypLE Express (Thermo Fisher Scientific, cat. no. 12605028)

. Transfected HEK293T cells from Basic Protocol 2

. 37°C incubator with humidified atmosphere of 5% CO, (g)

Protocol Steps
Single Cell Isolation Using Dilution Plating

1. Add 100 pL of pre-warmed (37°C) DMEM medium (10% FBS, 1% Pen/Strep)
to all the wells in a 96-well plate, except to well Al.
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In general, we recommend doing four plates per SNV when the editing
efficiency from Basic Protocol 3 is > 20 %. More plates may be needed
per SNV when editing efficiency is < 20%.

2. After the cells from Basic Protocol 2 step 6 have been transfected and incubated
for three days, pipette off 250 pL of the old medium from the cells and gently
rinse cells with 150 pL of PBS. Carefully aspirate off the PBS.

3. Add 50 pL of TrypLE to each well and incubate at 37°C for 5 to 10 min, or until
cells are completely dislodged from the bottom of the well.

4. Resuspend the transfected cells with culture medium.

5. Add 200 pL of the cell suspension from step 4 to well Al through a 35um sterile
cell strainer.

The use of the strainer is optional, but when used, we have observed a
higher frequency of isolating single cell-derived colonies as opposed to
doublet cell-derived colonies.

6. Using a single channel pipette, make 1:2 dilutions by transferring 100 pL of the
cell suspension from A1 down the first column (B1 to H1) using the same tip.
Discard 100 L of cells from the last well.

Mix gently before each transfer.
7. Add an additional 100 puL of medium to each well in column 1.

8. Using an 8-channel pipette, make 1:2 dilutions by transferring 100 pL of the cell
suspension across each column of the plate starting from column 1 and ending at
column 12. Discarding 100 pL of cell suspension from the last column is
optional.

9. Place plates into tissue-culture incubator undisturbed after dilutions are made.
Observe cells 4-7 days later (Figure 7).

BASIC PROTOCOL 5: CLONAL EXPANSION TO GENERATE ISOGENIC CELL LINES AND
GENOTYPING OF CLONES

Regardless of which method the researcher uses to isolate single cell-derived colonies
(FACS —Basic Protocol 4— or dilution plating —Alternate Protocol 2—), colony formation
of HEK293T cells should be apparent after 4-7 days and they should be ready to subculture
10-14 days after the isolation protocol. Figures 7B and 7D provide examples of single cell-
derived colonies. This Basic Protocol describes the process for clonally expanding the
isolated cells from Basic Protocol 4 into isogenic cell lines, genotyping the resultant lines,
and subculturing the appropriate colonies into larger flasks for storage or downstream
experiments. For the SNV of interest, aim to obtain at least three different clones for each
genotype (i.e. three harboring a wild-type genotype, three harboring a heterozygous
genotype, and three harboring a homozygous genotype). All these cell lines can be used for
comparison and in downstream experiments (Figure 6B).
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48-well plates (VWR, cat. no. 10062-898)

Cells from Basic Protocol 4, step 10 or Alternate Protocol 2, step 7

T-75 flask (Victorio, cat. no. 10062-860-KLM)

Phosphate-buffered saline (PBS; Gibco, cat. no. 10010049)

Dulbecco’s Modified Eagle’s Medium (DMEM; CoreBio, cat. no. 10566-024)
Fetal Bovine Serum (FBS; Thermo Fisher Scientific, cat. no. 10437-028)
Pen/Strep (Gibco, cat. no. 15070063)

37°C incubator with humidified atmosphere of 5% CO, (g)

TrypLE Express (Thermo Fisher Scientific, cat. no. 12605028)

Microscope

37°C incubator with humidified atmosphere of 5% CO, (g)

Protocol Steps

Subculturing and Genotyping Single Cells

1.

Carefully inspect each well of the plates from either Basic Protocol 4 or
Alternate Protocol 2 under the microscope and circle the wells that are harboring
single cell-derived clones (usually, it takes around 3—4 days to notice
distinguishable colony formation, but it can also be longer depending on clonal
expansion rate, see Time Considerations). Be wary of potential doublet cell-
derived colonies (see Figure 7 for examples).

We have found that each 96-well plate will yield around 8 colonies per
plate when prepared according to the FACS method, and around 11
single cell-derived colonies per plate when prepared according to the
dilution method.

Once the colony covers at least 30% of the well’s surface area, pipette off 100 pL
of the old medium and gently rinse the cells with 50 pL of PBS.

Since clonal expansion rate may differ from clone to clone, we
recommend checking the colonies daily after they have been identified
in step 1 of Basic Protocol 5. This step usually takes 1-2 weeks but can
vary. Please see Time Considerations.

Add 30 pL of TrypLE Express. Wait 3-5 minutes, or until cells are completely
dislodged from the bottom of the well.

While cells are being trypsinized, add 225 pL of pre-warmed (37°C) culture
medium (10% FBS, 1% Pen/Strep) to each well of a separate 48-well plate.
Allocate two wells for each single cell-derived colony.
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Half of the cells will be clonally expanded while the other half will be
used for genotyping.

5. Resuspend the trypsinized cells with 120 pL of pre-warmed (37°C) DMEM
medium (10% FBS, 1% Pen/Strep).

6. Passage two individual 75 UL aliquots of the clonal cell suspension into each
well from step 4.

7. Allow the cells to reach 80-90% confluency before proceeding to step 8. This
will usually take 3 days, but it is recommended to check the cells under the
microscope every day until they reach the appropriate confluency.

8. Two simultaneous steps must be followed. Thus, proper labelling of wells for
identification of which clone it corresponds to is crucially important:

a. Once both wells have reached the appropriate confluency, take one of
the wells, and harvest the genomic DNA and genotype, as previously
described in Basic Protocols 2 and 3 or Alternate Protocol 1.

b. For the other well containing the same clone, continue passaging the
cells into larger wells or flasks before storage and until the sequencing
data from step 8a is obtained. We recommend moving from a 48-well
plate (250 pL of DMEM medium with 10% FBS, 1% Pen/Strep), to a 6-
well plate (1 mL of DMEM medium with 10% FBS, 1% Pen/Strep),
then to a T25 flask (5 mL of DMEM medium with 10% FBS, 1% Pen/
Strep), and finally to a T75 flask (10 mL of DMEM medium with 10%
FBS, 1% Pen/Strep. Passage the cells when they are 85-90% confluent;
it is, therefore, recommended to monitor the cells under the microscope
every day. After obtaining the genotyping results, we recommend
keeping three clones containing wild-type, three clones containing
heterozygous, and three clones containing homozygous genotypes
(Figure 6B). Please refer to the Understanding Results section.

9. Continue to clonally expand the sequenced-validated cell lines by passaging the
cells into larger wells or flasks as indicated in step 8b. We additionally
recommend preparing a fourth cell line per each genotype that is a mixture of
each of the clones with that specific genotype.

10.  Cryopreserve cell lines.

There are many protocols that show researchers how to cryopreserve
mammalian cell lines (Stacey & Masters, 2008; Yokoyama et al., 2012).
We also recommend using https://www.abcam.com/protocols/
cryopreservation-of-mammalian-cell-lines-video-protocol as a resource.
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REAGENTS AND SOLUTIONS

Ampicillin or carbenicillin 1000X stock solution (100 mg/mL; 5 mL)

Dissolve 500 mg of powdered ampicillin or carbenicillin sodium salt (such as GoldBio, cat.
no. A-301 or C-103) in 5 mL of deionized water to create a 100 mg/mL stock solution. Store
at —20°C. Note: carbenicillin is more stable but more expensive.

Agar plates and liquid media with ampicillin or carbenicillin, final concentration 100 ug/mL

Prepare LB or 2xYT agar media or LB or 2xYT liquid media as previously described
(Elbing & Brent, 2019). Add the ampicillin/carbenicillin stock solution 1000X to a final
concentration of 100 pg/mL before pouring plates or inoculating liquid cultures. For
example, add 500 uL of a 100 mg/mL antibiotic solution to 500 mL of agar-containing
media, to make ~20 plates with a final concentration of 100 ug/mL, with 25 mL of media
each. When preparing plates, wait until the molten agar media has cooled down to ~55°C
before adding the antibiotic.

10% (w/v) SDS stock solution (100 mL)

Dissolve 10 g of SDS (Thermo Fisher Scientific, cat. no. 15525017) in 80 mL of deionized
water. Bring final volume to 100 mL with deionized water. This stock solution is stable for 6
months at room temperature.

Tris HCL (1M) stock solution (pH 8.0; 1 Liter)

Dissolve 121.14 g Tris (Thermo Fisher Scientific, cat. no. PI117926) in 800 ml of deionized
water. Adjust pH to 8 with 1 M NaOH. Bring final volume to 1 liter with deionized water.
Autoclave and store at room temperature.

COMMENTARY
BACKGROUND INFORMATION:

Base editing is a technique capable of precisely and efficiently introducing point mutations
in mammalian cells by relying on nucleobase chemistry rather than on the introduction of
double-stranded DNA breaks (DSBs) (Hess et al., 2017; Ran et al., 2013). The system
utilizes the targeting ability of the Cas9:gRNA complex but avoids the pitfalls of DSB-
mediated genome editing, as discussed below.

All targeted nuclease systems, such as ZFNs, TALENS, and Cas enzymes rely on
phosphodiester backbone cleavage and subsequent DNA repair either to create random
insertions and deletions (indels) through the non-homologous end-joining (NHEJ) pathway
(Hsu, et al., 2014), or for the incorporation of a donor DNA sequence containing the
mutation of interest via homology-directed repair (HDR) (M. Liu et al., 2019). While NHEJ
is active in all phases of the cell cycle, HDR normally requires a sister chromatid as a
template and is, therefore, only active during the late S and G2 phases, making HDR-
mediated genome editing only possible in actively dividing cells. Thus, attempting to create
targeted point mutations using traditional DSB-mediated genome editing inevitably leads to
low levels of accurate SNV introduction (typically, less than 1%, unless cell cycle or DNA
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repair perturbations are employed, or silent “blocking mutations” are incorporated (Paquet et
al., 2016; Riesenberg et al., 2019; Yeh et al., 2019). Further, DSBs can be toxic to cells and
cause p53-dependent apoptosis (Haapaniemi et al., 2018) or large genomic rearrangements
(Kosicki et al., 2018), which is exacerbated during multiplexed genome editing (i.e. the
simultaneous targeting of distinct loci) (Shin et al., 2017; Webber et al., 2019). This results
in decreased viability, the requirement for screening hundreds of clones, the introduction of
genomic modifications other than the modification of interest, and the potential enrichment
for cells with p53 mutations (the latter two of which can cause artifacts in phenotypic
characterization). Recently, deleterious on-target effects, such as large deletions or loss-of-
heterozygosity, were shown to escape standard genotyping methods in up to 40% of edited
clones (where hemizygous ones appeared homozygous) (Weisheit et al., 2020).

A common method to facilitate the enrichment and selection of genome edited cell lines rely
on knock-in strategies of selectable markers through homologous recombination, such as
antibiotic resistance or fluorescent markers (Martin et al., 2019; Norris et al., 2015; Ochiai et
al., 2014; Sur et al., 2012). However, removing these integrated selection markers without
permanently damaging or “scarring” the host genome is non-trivial and can sometimes
require multiple clonal expansion events (H et al., 1993; Watkins et al., 2014). Another
alternative method to DSB-dependent editing strategies is the use of adeno-associated-viral
(AAV)-mediated insertion of genomic cassettes into human somatic cells (Di Nicolantonio
et al., 2008; S et al., 2009). However, the packaging limit for AAVs is 4.7kb (smaller than
some genes of interest), and as this involves ectopic expression of the gene of interest, it is
less physiologically-relevant than editing of the endogenous locus (Gray et al., 2010;
Kohlbrenner et al., 2005).

Base editors avoid DSBs by instead relying on the direct chemical modification of target
nucleobases. When the edited base is used as a template for DNA replication or repair, a
transition mutation is faithfully introduced with high efficiency (up to 80% in many cases).
This addition to the genome engineering toolkit appeared in 2016 with the advent of CBEs
(which introduce CG to TeA point mutations using uracil intermediates), followed by ABEs
(which introduce AT to G+C point mutations using inosine intermediates) the following
year. Because of their dependence on more ubiquitous and reliable DNA repair pathways,
base editors have the added advantage of working in non-dividing cells.

However, like all current genome editing technologies, base editing has limitations. Most
importantly, base editors cannot be used to introduce transversion mutations, insertions, or
deletions. Second, base editors have a strict requirement for a PAM to be positioned 12-16
nucleotides from the target base, making certain targets inaccessible. However, ongoing
efforts to engineer Cas enzymes with PAMs complimentary to Cas9-NG have yielded
successful base editors (Gaudelli et al., 2020; Hu et al., 2020; Y. B. Kim et al., 2017; Li et
al., 2018; Z. Liu et al., 2019; Richter et al., 2020; Walton et al., 2020). Additionally, it is
important to bear in mind that even with a suitable PAM, not all genomic sites are amenable
to base editing. As with other forms of genome editing, the sequence or chromatin context of
the target site may limit the Cas9:gRNA complex’s ability to binding DNA. Some base
editors additionally contain deaminase enzymes with an intrinsic sequence preference.
Finally, CBEs can produce C-to-non-T edits, likely due to high efficiencies of excision of the
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uracil intermediate by endogenous DNA repair enzymes. A better understanding of the
cellular mechanisms responsible for high BE efficiency and product purity (i.e. target
conversion only into the desired base rather than unwanted bases) is needed to improve the
system.

Recently described “prime” editors, a novel CRISPR-Cas9 gene editing technique, utilize a
reverse transcriptase and a template sequence as a 3’-extension to the gRNA to precisely edit
DNA (Anzalone et al., 2019). This tool is not limited to transition mutations, avoids any
bystander nucleotides, and has more flexible PAM positioning. However, prime editing is
less efficient than base editing when a target A or C can be optimally positioned within the
protospacer, and requires more extensive gRNA optimization per target (Anzalone et al.,
2019). Base editors are also more compact and produce fewer indels (Anzalone et al., 2019),
which can be important factors with /n vivo applications. It is important to consider the goal
of your study while designing an experiment to select the most appropriate editing technique
and set of tools.

CRITICAL PARAMETERS:

gRNA design considerations—Programs including the Benchling wizard (https://
benchling.com/pub/liu-base-editor; limited to CBEs), BE-designer (http://
www.rgenome.net/be-designer/), DeepHF (http://www.deephf.com/), and BE-Hive (https://
www.crisprbehive.design/) can be used for automated gRNA design or scoring (Komor,
2016; Hwang et al., 2018; Wang et al., 2019; Arbab et al., 2020). BE-Hive incorporates
ABEs and alternate PAMSs, making it the most comprehensive software. This machine
learning algorithm enables predictions of both editing outcome and efficiency for a given
BE:gRNA combination. Other programs are available for designing and scoring gRNAs for
traditional Cas9 genome editing, and have been previously reviewed (Tycko et al., 2016).
These may be helpful for predicting potential off-targets or gauging how effectively Cas9
will bind to a given target site.

The human U6 promoter drastically increases expression of the gRNA if guanine is the first
nucleotide transcribed. Any decrease in Cas9 binding due to a mismatch at the first position
of the protospacer that this may cause is more than compensated for by the increased
expression levels. The mouse U6 promoter exhibits high expression with A or G as the first
nucleotide, and can be used as an alternative (Wang et al., 2019). Additionally, the S.
pyogenes gRNA backbone contains an early transcription termination signal (UUUU) that
may decrease expression levels, and can be mutated to increase cellular gRNA levels (Dang
et al., 2015). While we have found that low base editing efficiency is usually caused by other
factors, this may be an issue in certain cell types.

Bystander editing—Bystander edits occur when C’s or A’s beyond the desired target are
also present in the editing window and become mutated concurrently with the target base.
Bystander editing can be avoided by designing a protospacer that pushes potential bystander
bases out of the editing window, as shown with the gRNA example targeting V270 with an
adenine in position 9 (Figure 3A). Bystander edits may also be mitigated by using
deaminase enzymes that are modified to be less processive (such as the YE1, YE2, and YEE
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CBEs) (Y. B. Kimetal., 2017; Z. Liu et al., 2020) or sequence-specific (such as the eA3A
CBE) (Gehrke et al., 2018), or by alternative BE architectures, such as rigid linkers (Tan et
al., 2019). In some cases, bystander edits are acceptable, such as in gene knockout
experiments (Figure 8C) or if the bystander creates a silent mutation or intronic mutation (as
long as it is not a splice site). When attempting to knock out genes via premature stop codon
introduction or splice site disruption, disruptions targeted to the first and last few exons can
be inefficient due to translation reinitiating and/or alternative splicing (Smits et al., 2019).
We suggest base editing splice donor sites in the middle of the gene body to achieve the
highest level of protein loss (Webber et al., 2019).

Base editor selection considerations—There is a large selection of base editor
constructs from which to choose, and the most suitable choice depends on your experimental
goal. The two editors that we recommend (BE4max-NG-P2A-EGFP and ABEmax-NG-
P2A-EGFP) are good choices with which to start, and modifications can be made according
to specific experimental requirements. In most cases, nCas9 (D10A) should be utilized,
which will direct DNA repair machinery to use the modified base as a template, but dCas9
can be employed if indels must be avoided at all costs (we note that indel formation with
CBEs is target site-dependent, and ABEs generally do not introduce indels even when using
nCas9). If an NG PAM is not available, we suggest using SaCas9-KKH (which recognizes
an NNNRRT PAM, but will result in a widened window which can cause bystander editing
(Y. B. Kimet al., 2017) or the SpRY variant (Walton et al., 2020) instead of the SpCas9-NG.
A major consideration is the ability of the deaminase enzyme portion of the BE to deaminate
other free ssSDNA or RNA in the cell (Griinewald et al., 2019; Jin et al., 2019; Lee et al.,
2020; Zhou et al., 2019; Zuo et al., 2019), causing off-target editing. Engineering efforts
have rationally designed deaminase variants that substantially decrease off-target editing
(Doman et al., 2020; Griinewald et al., 2019; Yu et al., 2020; Zuo et al., 2020) but many
times do so at the expense of sequence specificity, causing decreased on-target activity at
certain sites. Specifically, rAPOBEC1-YE1 and the next-generation CBEs listed in Table 2
are examples of CBEs with greatly reduced off-target DNA editing, and ABEs containing
the mutations V106W, F148A, and V82G show almost no off-target RNA editing (ABEs
inherently do not display off-target DNA editing) (Zhou et al., 2019). If small amounts of
off-target editing are acceptable, utilizing the most efficient base editors will aid in isogenic
cell line generation. ABESs significantly increase editing efficiencies but also have a wider
editing window, increasing the chance of bystander mutations.

Inclusion of proper controls—The process of clonal expansion represents an enormous
genetic bottleneck and puts the cells under extreme selective pressure. This can result in
genetic, epigenetic, and/or phenotypic variation of single cell-derived lines (Giuliano et al.,
2019; Grav et al., 2018). Additionally, some CBEs can increase 2-fold the inherent mutation
rate during isogenic cell line generation (Yu et al., 2020). It is, therefore, of the utmost
importance to include proper controls to confirm that observed differences in phenotypes or
protein activity are due to the mutation of interest. When generating isogenic lines,
transfections should contain a negative control sample that lacks a gRNA or has a non-
targeting gRNA sequence that is absent from the human genome (Table 1, #6). For each set
of transfections to generate isogenic cell lines (Basic Protocol 4), single cell clones should
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be isolated from this negative control sample alongside the on-target gRNA samples. Using
these clones as the ‘wild-type’ cell lines for phenotyping and SNV characterization can
control for the process of clonal expansion and potential effects due to DNA damage
introduction by the BEs. Additionally, for each genotype of interest (wild-type,
heterozygous, and homozygous for each SNV of interest), it is crucial to generate at least
three lines derived from different clones. We also recommend generating an additional
“control” line for each genotype that is a mixture of each of the individual clones with that
specific genotype. Whole-genome sequencing or whole-exome sequencing of the resultant
cell lines is highly encouraged to determine whether other genomic modifications might
have occurred during the process of clonal expansion.

Quantification of base editing efficiency in bulk cells—After base editing has had
3-5 days to occur, select the appropriate endpoint analysis for your experiment. For bulk
Sanger sequencing, EditR can be used to reduce background signal and generate editing
percentages based on a p-value with a detection limit for base editing of ~7% (Kluesner et
al., 2018). However, the reliability of this method is highly dependent on the quality of the
Sanger sequencing read. Low quality Sanger sequencing reads may mislead the researcher
into incorrectly concluding that their base editing efficiency is high enough to proceed to
cell line generation (see Figure 6C and 6E for an example). Genomic DNA samples can also
be prepared for lllumina NGS to robustly quantitate editing efficiencies. Targeted amplicon
sequencing is the most common method with which to do this, and has been previously
described (Gaudelli et al., 2017; Veeranagouda et al., 2018; Yang et al., 2014). We
recommend the use of CRISPRess02 as an open-access software to quantify base editing
efficiencies from fastq files (Clement et al., 2019). However, it is important to note that over-
amplification during either round of PCR can create PCR bias, which will result in
inaccurate quantification; care should be taken to use the fewest possible PCR cycles during
gDNA amplification and barcoding.

Cell line considerations—HEK293T cells are easily transfected and robust enough to
tolerate clonal expansion. This provides researchers with a relatively ‘well-behaved’ cell line
to optimize experimental conditions and assess the feasibility of generating a cell line with a
given SNV before moving forward with other mammalian cell lines. The ultimate cell line to
use will be entirely dependent on downstream experimental goals and should be thoroughly
investigated before embarking on isogenic cell line generation. Furthermore, immortalized
cell lines, such as HEK293T cells, often harbor gene duplications, chromosomal
rearrangements, and mutations that allow them to effectively propagate in tissue culture. The
exact genomic modifications may even vary from laboratory to laboratory for a given cell
line. Additionally, these modifications can differ greatly from the reference genome. As
such, it is prudent to first sequence the target locus of interest for any mutations or variation
before designing gRNA sequences. Additionally, if the data is available for that specific cell
line, check the ploidy at each locus to determine the copy number of the gene of interest
(Linetal., 2014).
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TROUBLESHOOTING:

Low or no cell viability following transfection.—A common problem is low cell
viability following transfection. This may be solved by using less cationic lipid reagent, but
usually at the expense of a lower transfection efficiency. However, the most common cause
of low cell viability is transfecting under-confluent cells (see Figure 5B). Determining the
confluency of cells is highly subjective; we have included pictures of cells with the optimal
density for transfection, in Figure 5A.

Low cell viability following transfection, with all surviving cells concentrated
in one area—Another common problem after transfection is low cell viability, with
“islands” of cells or cells only on the periphery of the wells. Additionally, cells in the middle
of the islands are not transfected. This is usually due to an uneven distribution of cells when
plating. This can be solved by using a cell strainer during plating and/or gently tapping the
plate repeatedly against the hood surface after plating to halt circular movement of media
(eddies) inside the well, which can push the cells to the edges of the wells.

Low editing efficiency after transfection.—Sometimes observing an editing efficiency
of <10% is due to low transfection efficiency. This can be due to transfecting over-confluent
cells (see Figure 5C), which results in high cell viability but low transfection and editing
efficiencies. If over-confluent cells are transfected and bulk sequencing shows some editing
efficiency, using FACS to enrich for transfected cells prior to re-assessing editing efficiency
in bulk is advised. However, it is generally recommended for the researcher to re-transfect
the cells when the confluency is ideal, as in Figure 5A.

If the transfection efficiency was >80%, and low or no base editing efficiency was observed,
there could be an issue with the gRNA, or the target sequence may be incompatible with the
base editor that was used. To assess if there is an issue with the gRNA, we suggest repeating
the same experiment, but using wild-type Cas9 instead of the base editor, and then monitor
the target site for indel formation. This will reveal if the Cas9:gRNA complex can access the
target site. If low or no indels are formed, we recommend trying a different Cas enzyme
such as the SaCas9-KKH, or SpRY Cas9 and a different spacer sequence. If the gRNA
results in high levels of indel introduction, the problem may be with the sequence context of
the target, in which case we suggest using a different deaminase (see Table 2) and
quantifying editing efficiency in bulk again. If even after optimization, editing efficiency is
less than 10%, generating SNV-containing isogenic cell lines may still be feasible, but will
require selection strategies, and dilution plating should not be used. See the Troubleshooting
section on “Certain genotypes are not observed after clonal expansion.”

Accidently disrupted or washed away a vast majority of the cell monolayer.—
There are two instances in the protocol where indelicate techniques can result in loss of cells
and be detrimental to the experiment if actions are not taken to correct for them. During
harvesting of genomic DNA for genotyping (Basic Protocol 2), one might lose cells while
washing. In this case, even a small number of cells remaining can be sufficient for PCR
amplification of the targeted site, albeit a higher volume of cell lysate will have to be used
(please refer to the Troubleshooting genomic PCR section). In this case, however, zero base
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editing efficiency may be due to only the presence of untransfected cells remaining. During
subculturing of single cell-derived clones (Basic Protocol 5) this can happen as well. If some
cells still remain adhered, add the appropriate amount of prewarmed culture media and place
back into the incubator.

Multiple PCR bands observed during gDNA amplification.—If your primers are
specific (i.e. designed with no matches to other targets) and still result in off-target
amplification, increasing the annealing temperature or decreasing primer concentration can
improve specificity. Furthermore, a high primer concentration can result in primer dimers
and no band of the desired size. We have observed that using a lower concentration of primer
than the manufacturer’s recommendation (up to 10-fold less) usually generates cleaner on-
target product bands. See Figure 4B for examples.

No PCR bands observed during gDNA amplification.—Increasing DMSO
concentration or trying other additives may help with the genomic DNA PCR. Additionally,
the amount of genomic DNA added to the PCR mixture can have drastic effects on PCR
success. The recommended volume suggested in Basic Protocol 2 is based on 90-100%
confluency pre-harvesting, but sometimes that may be too much (in certain cases, this results
in smears on the gel). We recommend first trying 10-fold less genomic DNA template in the
PCR reaction, by diluting the genomic DNA mixture in water. If fewer cells were harvested,
increasing the amount of cell lysate up to 10-fold may be required. Decreasing primer
concentration may improve the specificity and strength of amplification, especially with
NGS. Additionally, gDNA can also be harvested using a kit, which can help with difficult
gDNA PCRs.

No colony expansion is observed after sorting for single cells.—Sorting via
FACS can be stressful for the cells, but there are some modifications that can help improve
the success rate of clonal expansion. Reducing the time between harvesting and sorting can
improve the outcome of colony formation after sorting. Using a higher concentration of FBS
in the collection media can also promote single cell survival and proliferation. Another
suggestion is adding cell-conditioned media as a supplement to the collection media to
facilitate cell growth. This can be done by collecting the supernatant from cells that have
been passaged 24 hours prior, spinning it down, and adding it to the collection media
through a 0.45 um filter. Dilution plating is less harsh on the cells and can have higher
success rates of clonal expansion, but as there is no selection for transfected cells, the
percentage of cell lines with the SNV of interest will be lower. One option is to use FACS to
enrich for transfected cells, allow them to recover, and then use dilution plating to isolate
and clonally expand single cells.

Certain genotypes are not observed after clonal expansion—If no homozygous
clones are obtained, it is possible that the homozygous edit with the target SNV is lethal,
especially if the gene of interest is essential. We recommend using tools such as ClinVar
(https://iwww.nchi.nlm.nih.gov/clinvar/) to assess the pathogenicity of the target SNV in
humans (if the SNV has only been observed in the heterozygous form in humans, the
homozygous genotype may be lethal), and DepMap (https://depmap.org/portal/) to

Curr Protoc Mol Biol. Author manuscript; available in PMC 2021 December 01.


https://www.ncbi.nlm.nih.gov/clinvar/
https://depmap.org/portal/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasquez et al.

Page 34

determine gene essentiality in the specific cell type. If the culprit is that initial base editing
efficiencies are low, then additional selection strategies (beyond just selecting for cells with
high base editor expression levels) can be employed. These selection strategies make use of
reporter systems that involve the modulation of the presence or color of a fluorescent protein
by base editing activity concurrently with editing of a genomic locus (e.g. ACE reporter, BE-
FLARE, BIG-TREE, GO reporter) (Brookhouser et al., 2020; Coelho et al., 2018; Katti et
al., 2020; St. Martin et al., 2018). In these cases, the reporter plasmid and a gRNA targeting
the fluorescent protein are co-transfected with the BE and target gRNA. Individual cells with
active base editor can be isolated by FACS, to enrich for cells with active base editor.

Conversely, if only homozygous clones are obtained, less active base editor variants can be
used to reduce activity (see Table 2). Or, different populations of cells can be isolated with
FACS, such as cells with intermediate base editor expression or activity levels. Additionally,
recent work has demonstrated that gRNA mismatches can titrate the activity of other
genome editing agents. While this strategy has not been explicitly tested with base editors, it
may act to reduce base editing activity as well (Jost et al., 2020).

The single cell-derived clones have a different morphology than the examples
provided, or ones shown in literature.—Although generally consistent, the
morphology of single cell-derived clones can vary from clone to clone and from cell line to
cell line. For this reason, we recommend aiming to generate at least three clones for each
SNV in its respective cell line to confirm the reproducibility of your results. The resulting
cell lines can be subjected to whole-genome or whole-exome genotyping to confirm that
only the point mutations of interest have been introduced.

UNDERSTANDING RESULTS:

Having the capability to generate both homozygous and heterozygous clones harboring
SNVs highlights the importance of using base editing technologies; generating matched
wild-type, heterozygous, and homozygous knock-in clones with traditional genome editing
methods is typically quite inefficient or impossible without the use of “blocking mutations”
(Paquet et al., 2016) or multiple clonal expansion steps (Kim et al., 2018). Using this
protocol, we have found that base editors typically introduce their respective SNVs with
>10-fold higher efficiency and >100-fold higher precision than traditional genome editing
methods without the use of potentially undesired “blocking mutations”, as quantified by
NGS, and without having to physically manipulate cells into phase-enriched populations
(physical fractionization) or having to add exogenous chemicals to block cells into specific
phases of the cell cycle (chemical blockade). This is in direct contrast to traditional genome
editing methods, where typically, accurate SNV introduction is less than 1% (Coggins et al.,
2017; Ousterout et al., 2015; Paquet et al., 2016; Ran et al., 2013; Riesenberg et al., 2019;
Yeh et al., 2019).

When using FACS to isolate and clonally expand single cells, we have obtained homozygous
edits with a success rate of approximately 25%, and heterozygous edits with a success rate
of approximately 22%. This is measured from an average 8 clones that we typically obtain
per 96-well plate. Additionally, in these cases, initial base editing efficiencies (when
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measured in bulk, as in Basic Protocol 3) were estimated at around 23%. When using the
dilution method, we have obtained homozygous edits with a success rate of approximately
5%, and heterozygous edits with a success rate of approximately 14%. This is measured
from an average of 11 clones that we typically obtain per 96-well plate. Additionally, in
these cases, initial base editing efficiencies (when measured in bulk, as in Basic Protocol 3)
were estimated at around 38%.

TIME CONSIDERATIONS:

Generating the gRNA plasmids will take 1-2 days, followed by another 1-2 days to
sequence the plasmid and verify accurate spacer replacement. Preparing high quality,
endotoxin-free plasmids for transfections will take 1 day. Time considerations for the initial
assessment of base editing efficiencies (feasibility of generating an isogenic cell line) are as
follows: 3-5 days to transfect the BE:gRNA combination(s) and allow for editing, 1 day to
harvest the gDNA and PCR-amplify the locus of interest, followed by 1-2 days to determine
the percentage desired SNVs introduction by Sanger sequencing. Once > 10% editing is
confirmed in bulk, transfections of the same BE:gRNA combination(s) and preparation for
single cell isolation requires 3 days. Regardless of which isolation method the researcher
uses (FACS or dilution plating), expansion of single cell clones can span from 1-4 weeks
depending on the growth rate of the cell line and the phenotypic effects of the introduced
SNV. For HEK293T cells, single cell-derived colonies are generally seen 4—7 days after
single cell isolation and are ready to be sub-cultured and/or harvested 1 to 2 weeks
thereafter. Subsequent sequencing of final clones will take 1-2 days; clonal expansion of the
desired cell lines for cryo-storage will take 1-3 weeks depending on the clonal cell line’s
proliferation rate. Downstream experimental work (researcher-specific assays) can be
simultaneously performed during clonal expansion for storage.
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Figure 1.
Adenine base editor (ABE) schematic. (A) nCas9 or dCas9 binds to a target genomic locus

through canonical Watson-Crick-Franklin base pairing between the spacer sequence of the
gRNA and the protospacer of the DNA. The presence of a protospacer adjacent motif (PAM)
is also required for Cas9 binding. The gRNA is comprised of a user-defined ~20 nucleotide
(nt) spacer that designates the genomic target to be modified (orange) and a ~80 nt scaffold
sequence necessary for Cas-binding (red). (B) Upon R-loop formation, a small window of
about 5 nucleotides on the bottom strand become accessible to a Cas9-tethered sSDNA
modifying enzyme. (C) In ABE-based editing, this enzyme deaminates adenine nucleobases
within this window into inosines, while the top strand is cleaved if nCas9 is used. The T
intermediate is permanently converted into a G+C base pair following DNA replication or
repair. The cytosine base editor (CBE) works analogously, by converting C«G base pairs into
TeA, through a UG intermediate.
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Generating isogenic cell lines harboring a target SNV, using the MUTYH V270A variant as
an example. (A) Transfection-quality plasmids encoding a custom-designed gRNA and base
editor (BE) are transfected into mammalian cells. (B) 3 days post-transfection, genomic
DNA is harvested, and the genomic locus of interest is amplified via PCR and then prepared
for sequencing. (C) The resulting PCR products are sequenced to assess the feasibility of
generating an isogenic cell harboring the target SNV. Shown is bulk sequencing results of
the total cell population transfected with a BE:gRNA combination to introduce the V270A
variant in MUTYH. The sequencing chromatogram shows base editing activity on the target
base. (D) Following confirmation of >10% editing efficiency, step A is repeated. The BE
plasmid also encodes for an EGFP fluorescent marker, allowing for the use of FACS to

isolate individual cells expressing a base editor. (E) FACS is utilized to sort single, EGFP-

positive cells into individual wells of a 96-well plate containing culture media. (F) Single
cell-derived colonies clonally expand for 1-2 weeks. Sequencing the resulting clonal cell

lines confirms the generation of an isogenic cell lines harboring the target SNV. Data from

three individual isogenic cell lines of the V270A MUTYH variant are shown, containing
wild-type, homozygous, and heterozygous genotypes. The target nucleotide is highlighted in

green.
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Figure 3.
Overview of Basic Protocol 1 (A) To design a custom gRNA (steps 1-5), first import the

target locus into a viewing software of choice, being mindful of the isoform and reference
genome used to annotate the SNV of interest (shown is the MUTYH gene sequence
surrounding residue 270, using the hg38 reference genome). Identify the target amino acid
and nucleotide (blue, V270 codon, target adenine is on the template strand), and identify
potential PAMs that are positioned 12-16 nt downstream, in the 3’ direction, on the same
DNA strand as the target nucleotide. Select the protospacer that positions the target
nucleotide closest to the center of the editing window (position 6), or that positions potential
bystander edits outside of the editing window. The gray “AG” PAM optimally positions the
target base, while simultaneously pushing a potential bystander base to position 9, outside
the canonical editing window. Order universal reverse and custom forward primers to
replace the spacer sequence on a compatible gRNA expression plasmid (S. pyogenes, such
as Addgene #47511). (B) Schematic showing the site-directed mutagenesis or around-the-
horn cloning strategy for gRNA spacer replacement, and agarose gel showing confirmation
of a PCR product band with the correct size (steps 8-10). (C) Preparation of endotoxin-free
(ETF) midi- or max-preps of gRNA and BE plasmids (steps 19-24) with a representative
agarose gel showing proper size and quality of supercoiled ETF plasmids. Additionally, in
step 18, use Sanger sequencing to verify the sequence of the full gRNA plasmid.
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Figure 4.
Overview of gDNA amplification (Basic Protocol 2, steps 10-14) (A) When designing

primers for Sanger sequencing, ensure there is at least 50 bp between the protospacer and
the beginning of the sequencing read. Positioning the protospacer in the center of the read
will give the best chance for high quality data within the protospacer region. NGS amplicons
should amplify a gDNA region based on the number of cycles in the NGS run (i.e. for a 300-
cycle run, the amplicon should be ~250 bp, and for a 150-cycle run, the amplicon should be
~100 bp). (B) For MUTYH V270 Sanger sequencing, primers #11 and 12 (Table 1) were
used for amplification of a ~1 kb amplicon. Panel 1 displays a 2% agarose gel showing a
clean negative control (NC, lane 1) and ideal gDNA amplification products (lanes 3-8).
Additional 2% gels show common issues we have experienced. Specifically, panel 2 shows a
PCR product following the use of too much gDNA template (as evidence by smears), panel
3 shows a PCR product with off-target bands, and panel 4 shows a PCR outcome that
predominantly consists of primer dimer bands. (C) Representative 2% agarose gels of round
1 and 2 PCR products for NGS using a ~280 bp amplicon as an example. The negative
control samples contain water (round 1) or the previous negative control PCR product
(round 2) as a template instead of gDNA. Round 1 primer adapter sequences will add 66 bp
to the length of the amplicon, creating a ~350 bp product in this example. Round 2 primer
sequences add an additional 74 bp to the length of the amplicon, resulting in a ~420 bp
product.
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Figure 5.
Representative images of successful and unsuccessful transfection experiments (Basic

Protocol 2, steps 1-9). Shown are brightfield images of HEK293T cell confluency at the
time of transfection (left most column, in box), as well as brightfield (middle left column),
GFP fluorescence (middle right column), and merged (right most column) images of the
same cells 24 hours post-transfection with gRNA and BE plasmids to generate the V270A
MUTYH variant. Shown are cells that were transfected at row (A) — ideal confluency (70—
85%), resulting in high transfection efficiency and high cell viability across the surface of
the plate, row (B) — under confluency (<70%), resulting in high transfection efficiency but
low cell viability, and row (C) — over confluency (>85%), resulting in low transfection
efficiency but high cell viability. The latter two conditions are illustrative of poor base
editing experiments. Scale bars = 166 um.
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Figure 6.
Representative Sanger sequencing traces from genotyping of cells in bulk and after clonal

expansion (Basic Protocols 3 and 5). (A) Sanger sequencing trace of the bulk population of
total cells after transfecting with a BE:gRNA combination to introduce the MUTYH V270A
mutation. (B) Following re-transfection and clonal expansion, single cell-derived colonies
potentially harboring the MUTYH V270A variant were then sequenced. Sanger sequencing
chromatograms show the generation of three individual isogenic cell lines, in this instance,
with genotypes of wild-type (left), homozygous (middle), and heterozygous (right). (C) A
low-quality chromatogram with a high degree of background noise obtained after the bulk
population of total cells were sequenced via Sanger sequencing. It is recommended to re-
sequence rather than make a decision about isogenic cell line generation from such a trace.
(D) Analysis of the .ab1 file of the bulk population of total cells, as described in panel A.
EditR quantifies a base editing efficiency of 38% (~=.01) The observed base editing
efficiency at the target nucleotide indicates the feasibility of generating the targeted V270A
variants, since the editing efficiency is >10%. (E) Analysis of the .ab1 file of the bulk
population of total cells with a high degree of background noise, as described in panel C.
EditR quantifies a base editing efficiency of 27% (£ =.01), which may mislead the
researcher into incorrectly concluding a successful initial base editing experiment. Please
refer to Basic Protocol 3 for information on EditR.
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Figure 7.
Representative images from dilution plating method (Alternate Protocol 2). (A) Image of a

96-well plate taken four days post-dilution plating. The top left wells have a higher
concentration of cells as indicated by the low pH level (yellow-colored culture medium). (B)
20X magnification image of a well from (A) with a single cell-derived colony, taken four
days post-dilution plating. (C) Image of the 96-well plate from (A), taken seven days post-
dilution plating. Wells which are harboring single cell-derived clones are marked with black
circles. (D) 20X magnification image of the same colony from (B), taken seven days post-
dilution plating. (E) 20X magnification image of a doublet cell-derived colony, taken seven
days post-dilution plating. Scale bars = 166 um.
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Figure 8.
Potential pitfalls in using Base Editing to generate isogenic cell lines. (A) Attempted

introduction of the MUTYH E303E mutation resulted in only WT and homozygous cell
lines, with no heterozygous clones observed. Experiment can be repeated with a less active
BE variant, or cells with lower GFP signal isolated. (B) Attempted introduction of the
MUTYH L296L mutation resulted in only a WT and heterozygous cell lines, with no
homozygous clones observed. Check gene and mutation for lethality, and repeat experiment
using base editor activity selection scheme. (C) Attempted introduction of the MUTYH
W12* mutation resulted in bystander edits of non-target bases in the protospacer region.
Because a premature stop codon is being introduced, bystander edits are acceptable.
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