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MOTIVATION Robust and efficient methods for knocking out genes in stem cells are indispensable in un-
derstanding the function of a gene during stem cell differentiation. Plasmid-based CRISPR systems can be
used to generate gene knockouts, but the efficiency is low, and plasmid DNAmay integrate into the genome
and thus compromise genome integrity.We sought to develop non-integrating and efficientmodifiedmRNA
(modRNA)-based CRISPR systems (Cas9 or base editor) that can be used to achieve robust gene knock-
outs in both human embryonic stem cells and induced pluripotent stem cells to circumvent the challenges
faced by plasmid-based CRISPR systems.
SUMMARY
CRISPR systems have revolutionized biomedical research because they offer an unprecedented opportunity
for genome editing. However, a bottleneck of applying CRISPR systems in human pluripotent stem cells
(hPSCs) is how to deliver CRISPR effectors easily and efficiently. Here, we developed modified mRNA (mod-
RNA)-based CRIPSR systems that utilized Cas9 and p53DD or a base editor (ABE8e) modRNA for the pur-
poses of knocking out genes in hPSCs via simple lipid-based transfection. ABE8e modRNA was employed
to disrupt the splice donor site, resulting in defective splicing of the target transcript and ultimately leading
to gene knockout. Using our modRNA CRISPR systems, we achieved 73.3% ± 11.2% and 69.6 ± 3.8%
knockout efficiency with Cas9 plus p53DD modRNA and ABE8e modRNA, respectively, which was signifi-
cantly higher than the plasmid-based systems. In summary, we demonstrate that our non-integrating mod-
RNA-based CRISPR methods hold great promise as more efficient and accessible techniques for genome
editing of hPSCs.
INTRODUCTION

CRISPR-Cas systems are used for genome editing in a wide va-

riety of cell types and are useful for high-throughput genome-

wide screens (Xu et al., 2020; Yilmaz et al., 2018). Cas9 is the

most-used endonuclease of the CRISPR-Cas family (Cong

et al., 2013; Jinek et al., 2012; Mali et al., 2013) and can precisely

cleave genomic DNA via double-stranded breaks (DSBs) when

paired with a programmable single guide RNA (sgRNA) with min-

imal off-target effects. Repair of DSBs can occur through one of

the two intrinsic pathways in mammalian cells: non-homologous

end joining (NHEJ) and homology-directed repair (HDR). NHEJ

results in insertions or deletions (indels), which can lead to frame-
Cell Reports
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shift mutations and, consequently, gene knockout (KO) (Cong

et al., 2013;Mali et al., 2013). Alternatively, co-delivery of a donor

DNA template can precisely introduce desired sequence edits

via the HDR pathway. DNA cleavage is mediated by the HNH

and RuvC domains of the Cas9 protein (Jinek et al., 2012; Stern-

berg et al., 2015). Mutations in these domains result in a catalyt-

ically inactive Cas9 (dCas9), which allows for a more general

platform for RNA-guided, genomic delivery of a wide variety of

covalently tethered effector proteins, among them being base

editors (Komor et al., 2016). The two primary base editors used

in practice are based on either adenosine or cytidine deami-

nases. They are also known as adenine base editors (ABEs)

(Gaudelli et al., 2017, 2020; Richter et al., 2020) or cytidine
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base editors (CBEs) (Koblan et al., 2018; Komor et al., 2016).

ABEs specifically convert deoxyadenosine (dA) to deoxyinosine

(dI), which, in turn, is repaired to deoxyguanosine (dG). CBEs, on

the other hand, convert deoxycytidine (dC) to deoxyuridine (dU),

which gets repaired to deoxythymidine (dT).When the adenosine

or cytidine deaminase is covalently tethered to a dCas9, this en-

ables researchers to introduce a genomic point mutation at high

fidelity without DSBs, thus significantly reducing the risk of

potentially detrimental indels and chromosomal rearrangements

at off-target sites. ABEs and CBEs have been leveraged to cor-

rect disease-related point mutations and for gene KO purposes

at relatively high efficiencies and specificities (Antoniou et al.,

2021; Kluesner et al., 2021).

Human pluripotent stem cells (hPSCs) can be expanded

almost indefinitely while still maintaining their ability to differen-

tiate into all somatic cell lineages (Jiang et al., 2021; Lian et al.,

2012, 2013, 2014, 2015). They can be utilized to generate

in vitro cell culture models for studying human development

and disease modeling when coupled with CRISPR-Cas9 sys-

tems (Antoniou et al., 2021). Despite their remarkable potential,

the current state-of-the-art methods for delivering CRISPR com-

ponents into hPSCs are far from ideal. Virus-mediated gene de-

livery is considered as an efficient method for the delivery of

CRISPR components into most cell types (Hsu et al., 2019).

Commonly used viral vectors include lentiviruses, adeno-associ-

ated viruses (AAVs), and adenoviruses. Lentiviruses are normally

integrating, which can increase the risk of tumorigenicity, and

therefore, hPSC lines with lentiviral integrations may be counter-

productive during their use in cell-based therapies. Additionally,

hPSCs were reported to be resistant to lentiviral infection due to

unique intrinsic immunity (Wu et al., 2018). AAVs and adenovi-

ruses are two non-integrating alternatives to lentiviruses.

However, adenoviruses are known to trigger high levels of innate

immune response in transduced cells, which can lead to inflam-

mation. AAVs have a relatively low packaging limit (�4.7 kb),

making it difficult to deliver CRISPR components. Additionally,

AAVs and adenoviruses are laborious to produce and require

the use of specialized equipment for their purification.

Non-viral state-of-the-art methods for delivering CRISPR

components into hPSCs include a variety of physical and chem-

ical delivery strategies. Electroporation and lipid nanoparticles

(LNPs) are two commonly used non-viral delivery methods that

use plasmid DNA for the delivery of CRISPR components via

either nucleofection or transfection reagents (Liu et al., 2016).

These methods, however, have low transfection efficiency and

can be cytotoxic to cells. Ribonucleoproteins (RNPs), on the

other hand, consisting of Cas9 protein complexed with a sgRNA,

have also been shown to efficiently edit the genome (Martin et al.,

2019). Cas9 protein is commercially available; however, CBEs

and ABEs are not, and producing purified samples of these pro-

teins can be cumbersome and not feasible for many labs.

An emerging alternative to these approaches above is the use

of chemically modified RNA (modRNA) for the delivery of

CRISPR effectors into cells. modRNA is coined ‘‘modified’’

because chemically modified nucleotides are used during

in vitro transcription synthesis. It has been shown that when

un-modified regular mRNA is introduced to mammalian cells, it

is not stable, and it triggers the cellular immune response (Hadas
2 Cell Reports Methods 2, 100290, September 19, 2022
et al., 2019). However, modRNA has increased stability and

lower immunogenicity (Karikó et al., 2005, 2008). Further optimi-

zation of modRNA led to the discovery of replacing uridine with

N1-methyl-pseudouridine to achieve robust translation of mod-

RNA due to enhanced ribosomal recruitment (Svitkin et al.,

2017). Additionally, the use of modRNA-based gene overexpres-

sion has been shown to directly program hPSCs to desired cell

types, such as hematopoietic progenitors (Suknuntha et al.,

2018). modRNA technology has also been used for gene editing.

For example, researchers discovered that uridine depletion and

chemical modification increased Cas9 mRNA activity and

reduced immunogenicity in cell lines and primary CD34+ cells

(Vaidyanathan et al., 2018). Scientists also reported that uridine

depleted ABEmRNAwith 5-methoxyuridinemediates robust ed-

iting at various cellular genomic sites (Jiang et al., 2020),

achieving higher efficiency than gene editing using regular un-

modified mRNA (S€ur€un et al., 2020). The use of modRNA-based

CRISPR systems in hPSCs, however, remained unexplored. All

said, the use of modRNA to encode and deliver CRISPR systems

carries several advantages over previous methods: (1) it is non-

integrating; (2) it does not require transport across the nuclear

membrane for expression (as is the case with plasmid delivery),

therefore increasing transfection efficiency; (3) it is relatively

quick and easy to perform; (4) it requires a minimal starting cell

population; and (5) it is only transiently expressed, thus greatly

reducing the risk of off-target activity.

In this study, we developed modRNA-based genome-editing

systems for hPSCs that utilize simple lipid-based transfection

of sgRNAs, with Cas9 and p53DD or ABE8e modRNA. Using

our optimized protocol, we were able to achieve up to 84% KO

efficiency in hPSCs.

RESULTS

modRNA-based delivery of CRISPR components can
successfully knock out genes in hPSCs
To determine whether we could efficiently deliver Cas9modRNA

to hPSCs using lipofection, we synthesized Cas9-2A-GFP mod-

RNA containing N1-methyl-pseudo-UTP (Hadas et al., 2019). 2A

is a self-cleaving peptide that triggers ribosomal skipping along a

single transcript during translation. Incorporation of the 2A linker

within our Cas9-2A-GFP modRNA enables the protein synthesis

of both Cas9 and GFP from a single modRNA. We transfected

Cas9-2A-GFP into H1 and H9 cells. One day later, we quantified

GFP expression using flow cytometry. We used a side scatter

height (SSC-H) versus side scatter area (SSC-A) plot to exclude

doublets for our flow cytometry data analyses (Figure S1A). We

were able to achieve up to 90% transfection efficiency for

Cas9-2A-GFP modRNA based on GFP+ cells (Figure S1B).

Next, to probe for the optimal amount of Cas9 modRNA and

target-specific sgRNA, we made Cas9 modRNA without co-

expression of GFP to knock out GFP from a human embryonic

stem cell (hESC) OCT4-GFP reporter line (H1 OCT4-GFP)

(Zwaka and Thomson, 2003). For designing our sgRNA targeting

GFP, we chose to use the GFP sgRNA sequence reported by

Sanjana et al. (2014). H1 OCT4-GFP cells were seeded in a

24-well plate and then transfected with different amounts of

Cas9 modRNA and GFP sgRNA using Lipofectamine Stem
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Figure 1. Cas9 modRNA and sgRNA efficiently knock out an integrated GFP in hPSCs

(A) Schematic diagram for knocking out GFP in H1 OCT4-GFP cells using Cas9 modRNA and in vitro-synthesized sgRNA.

(B) DNA templates used to synthesize modRNA for Cas9-2A-GFP, Cas9, Cas9-2A-Puro, p53DD, and ABE8e, including a summary of all the constructs used in

this work.

(C) H1 OCT4-GFP cells were cultured on iMatrix-511 in mTeSR1 and transfected with different combinations of Cas9 modRNA and GFP sgRNA. On day 4, cells

were collected, andGFP expression was analyzed via flow cytometry. The percentage of GFP� cells for each combination is shown in the form of a tiled heatmap.

Experiments were repeated three times, and representative data are shown.

See also Figure S1.
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transfection reagent (Figures 1A and 1B). Four days after trans-

fection, cells were collected to quantify the percentage of

GFP� cells using flow cytometry.

We tested various amounts of Cas9 modRNA (250, 500, or

750 ng) along with different doses of GFP sgRNA (100, 250,

500, and 750 ng) in H1 OCT4-GFP cells. We found that three

Cas9 + sgRNA combinations (250 + 100, 250 + 250, and 500 +

100) achieved the highest KO efficiency (�36% GFP� cells on

day 4) (Figures 1C and S1C). We also tested fewer amounts of

Cas9 modRNA (125 or 250 ng) along with fewer doses of GFP

sgRNA (10, 50, or 100 ng) but found that these conditions per-

formed poorly when compared with our achieved three optimal

combinations (Figure S1D). To minimize the total modRNA

required for transfection, we decided to use the 250 ng Cas9

modRNA + 100 ng sgRNA combination for subsequent

experiments.

modRNA-based CRISPR system efficiently generates
gene KOs in hPSCs
To investigate whether ourmodRNA-basedCRISPR systemwas

able to efficiently knock out genes in hPSCs, we decided to

target THY1 gene that encodes CD90 protein, a heavily glycosy-
lated membrane protein that is expressed in undifferentiated

hPSCs (Tang et al., 2011). We selected two potential sgRNA

target sites for CD90 using ChopChop (Labun et al., 2019) (Fig-

ure 2A).We noticed that seeding the cells too sparsely for endog-

enous gene KO led to cell detachment and death. To tackle this,

we decided to double our initial seeding density and include a

Rho-associated kinase (ROCK) inhibitor (Vernardis et al., 2017)

in our culture media, which led to better cell survival but reduced

our transfection efficiency (Figure 2A). We found that CD90

sgRNA_1 was able to achieve higher KO efficiency than

sgRNA_2 and therefore was used for all subsequent experi-

ments (Figures 2B and S2A). Next, we wanted to see if we could

improve CD90 KO efficiency via drug selection. We synthesized

Cas9-2A-Puro (Cas9Puro) modRNA, which has a puromycin

resistance gene linked to the Cas9 via a 2A linker (Figure 1B).

Due to the larger size of the Cas9Puro construct, we also tested

delivery of 300 ng Cas9Puro modRNA in addition to the previ-

ously determined 250 ng H9 cells that were seeded onto

iMatrix-511-coated wells and transfected with either 250 ng

Cas9, 250 ng Cas9Puro, or 300 ng Cas9-Puro modRNA. After

12 h, cells were treated with 1 mg/mL puromycin. After 24 h of

drug selection, cells were stained with a TO-PRO 3 cell viability
Cell Reports Methods 2, 100290, September 19, 2022 3
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Figure 2. Drug selection improved KO efficiency via Cas9Puro modRNA

(A) Schematic of sgRNA design targeting THY1 gene, encoding CD90 protein.

(B) H9 cells were cultured on iMatrix-511 in mTeSR1 and transfected with Cas9Puro modRNA and either the CD90_1 or CD90_2 sgRNA. On day 4, cells were

collected, and CD90 expression was analyzed via flow cytometry. Representative flow cytometry results are shown for each target design.

(C) H9 cells were cultured on iMatrix-511 in mTeSR1 and transfected with either 300 or 250 ng Cas9Puro modRNA or 250 ng Cas9 modRNA. Transfected cells

underwent drug selection for 24 h using puromycin beginning 12 h after transfection.

(D) Following drug selection, cells were imaged (scale bar, 200 mm) and stained using TO-PRO 3 cell viability reagent before being counted using a flow cytometer

(n = 3; unpaired Student’s t test).

(E) H9 cells were transfected with 300 ng Cas9Puro modRNA and 100 ng CD90_1 sgRNA and underwent 24 h of drug selection beginning 12 h after transfection.

On day 5, cells were collected, and CD90 expression was analyzed by flow cytometry (n = 3).

See also Figure S2.
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dye (excitation/emission 642/661 nm) and counted using a

flow cytometer. As expected, treatment with puromycin

effectively killed all cells in wells transfected with the Cas9

modRNA. However, in wells that were transfected with our

Cas9Puro modRNA, we observed cell survival similar to our un-

treated control cells, indicating that our Cas9Puro modRNA

could protect transfected cells from puromycin-mediated cell

toxicity (Figures 2C, 2D, and S2B–S2D). Additionally, we

observed consistently higher cell numbers in wells that were

transfected with 300 ng Cas9Puro compared with 250 ng

Cas9Puro, a difference that was statistically significant (p =

8.9 3 10�4, Student’s t test) (Figure 2D). Due to the higher

transfection efficiency using 300 ng Cas9Puro, as indicated by

higher cell survival, we used 300 ng Cas9Puro modRNA for sub-

sequent experiments. To evaluate whether puromycin treatment

increases KO efficiency, we used our Cas9Puro modRNA to

knock out CD90 in H9 cells accompanied by puromycin treat-

ment at a concentration ranging from 0 to 1 mg/mL. We observed

a greater than 2-fold increase in CD90 KO efficiency measured

by the percentage of CD90� cells on day 5 post-transfection

(Figure 2E).
4 Cell Reports Methods 2, 100290, September 19, 2022
P53DD greatly increases modRNA-based genome-
editing efficiency in hPSCs
While CRISPR-Cas9 systems have been used to engineer ge-

nomes of a wide variety of cell types, hPSCs have proven to

be exceptionally difficult to engineer due to the toxicity of

DSBs in these cells. Recently, Ihry et al. reported that the

hPSC response to Cas9 induced DSBs is mediated by p53

(Ihry et al., 2018). Additionally, they showed that p53DD, a domi-

nant negative mutant of p53, can transiently block p53 function

and therefore reduce Cas9-induced toxicity in hPSCs. There-

fore, we decided to synthesize p53DD modRNA to use with

our modRNA-based Cas9 system. To compare modRNA and

plasmid-mediated GFP KO in the presence or absence of

p53DD, we transfected H1OCT4-GFP cells with different combi-

nations of plasmids or modRNAs (Figure 3A). For the plasmid-

based method, hPSCs were transfected with a CRISPR plasmid

(Jiang et al., 2022) expressing both Cas9 and sgRNA with or

without a p53DD plasmid. For the modRNA-based method,

hPSCs were transfected with Cas9Puro modRNA and sgRNA

with or without p53DD modRNA. For the RNP method, hPSCs

were transfected with Cas9 protein coupled with a sgRNA. For
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Figure 3. P53DD modRNA increased Cas9 modRNA-mediated gene KO in hPSCs

(A) Schematic of optimal transfection protocol with the addition of p53DD modRNA.

(B) Aggregated gene KO efficiencies across multiple replicates and batches in H1 OCT4-GFP cells, comparing results between transient plasmid DNA trans-

fection and modRNA-based delivery with or without p53DD as well as RNP lipofection (plasmid: n = 9; modRNA: n = 20; plasmid + p53DD: n = 6; modRNA +

p53DD: n = 13; RNP: n = 3).

(C) H9 cells cultured on iMatrix-511 inmTeSR1 were transiently transfected with either the plasmid DNAwith or without p53DD plasmid, modRNA cocktail with or

without p53DD modRNA, or Cas9 RNP. On day 5, cells were collected, and CD90 expression was analyzed via flow cytometry.

(D) Aggregated CD90 KO efficiencies across multiple replicates and batches in H9 cells, comparing results between transient plasmid DNA transfection and

modRNA-based delivery without or with p53DD as well as RNP lipofection (plasmid: n = 6; modRNA: n = 8; plasmid + p53DD: n = 6; modRNA + p53DD: n = 14;

RNP: n = 3; one-way ANOVA with post-hoc Tukey’s test).

(E) Genotype of CD90KO H9 cells generated using CRISPR modRNA cocktail with p53DD modRNA (n = 8).

(F) G-banded karyotype analysis of CD90 KO H9 cells generated using modRNA cocktail with p53DD.

(G) IMR90C4 cells cultured on iMatrix-511 in mTeSR1 were transfected with Cas9Puro modRNA, CD90 sgRNA, and p53DD modRNA. On day 5, cells were

collected, and CD90 expression was analyzed via flow cytometry (H9: n = 14; IMR90C4: n = 12).

(legend continued on next page)
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GFP KO, we found that the modRNAmethod was superior to the

plasmid method regardless of p53DD; modRNA with p53DD

yielded the highest KO efficiency among these four conditions,

and it was also better than the RNP method (Figures 3B and

S3A). Next, we tested CD90 KO in H9 cells with these 5 condi-

tions and found that the modRNA with p53DD method achieved

the highest CD90 KO efficiency, yielding 73.3% ± 11.2% KO ef-

ficiency (Figures 3C, 3D, and S3B). Moreover, we tested our

modRNAmethod by knocking out theWnt signaling effector pro-

tein b-catenin. For synthesizing b-catenin sgRNA, we used the

target sequence reported before (Jiang et al., 2022). The mod-

RNA with p53DD method achieved the highest b-catenin KO ef-

ficiency among five conditions (Figures S3C–S3E). The RNP

method achieved minimal b-catenin KO efficiency using this

sgRNA (Figures S3C–S3E), indicating that the RNP method

may exhibit greater variations in knocking out different genes.

Furthermore, the RNP method yielded fewer cells than the mod-

RNA method (Figure S3F).

Next, we characterized the Cas9 cleavage sites using the

TOPO-TA cloning method with CD90 KO cells. We observed a

diverse variety of genome-editing types in our CD90 KO cells

with both insertion and deletion mutations (Figure 3E). To deter-

mine whether monoallelic targeting is likely to occur, we

compared mean fluorescent intensity (MFI) of CD90 in the

CD90+ population between un-transfected cells (control) and

cells transfected with Cas9 modRNA and CD90 sgRNA (CD90

KO). The MFI in the control sample is higher than the CD90 KO

sample, indicating that monoallelic targeting may occur in the

CD90 KO samples (Figure S3G). We also analyzed three poten-

tial off-target locations and did not observe any off-target muta-

tions (Figure S3H). Furthermore, hPSCs edited with ourmodRNA

with p53DD method maintained normal karyotype (Figure 3F).

For modRNA-based gene editing in induced pluripotent stem

cells (iPSCs), we compared CD90 KO in H9 cells and IMR90C4

iPSCs and found that our modRNA with p53DD method was

equally effective in editing iPSCs, with a KO efficiency of

68.7% ± 5.1% (Figures 3G and S3I). Similarly, we demonstrated

that our modRNA with p53DD method generated b-catenin KO

at a similar efficiency in iPSCs as in H9 cells (Figure S3J).

Next, we decided to examine whether our modRNA-based

method could simultaneously target multiple genomic sites

and thus knock out multiple genes. We seeded our H1 OCT4-

GFP cells and transfected them with Cas9Puro modRNA, GFP

sgRNA, CD90 sgRNA, and p53DD modRNA. We collected cells

on day 5 post-transfection to quantify GFP and CD90 expression

using flow cytometry. We observed 43.9% ± 0.3% of cells that

were deficient in both GFP and CD90 expression after one single

transfection (Figures 3H and 3I).

Eukaryotic RNA is normally capped at the 50 end with

7-methylguanosine (m7G), commonly referred to as cap

0 structure, and is important for translational initiation and
(H and I) H1 OCT4-GFP cells were cultured on iMatrix-511 in mTeSR1 using

CD90_1 sgRNA, 200 ng GFP sgRNA, and 200 ng p53DD modRNA. On day

cytometry (n = 3).

(H) Representative flow cytometry plot from day 5.

(I) Quantification of flow cytometry results from day 5 cells.

See also Figures S3 and S4.
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prevents degradation of the mRNA transcript. When synthe-

sizing modRNA, the cap 0 structure is introduced by the

addition of the anti-reverse cap analog (ARCA) to the in vitro

transcription reaction mix. Higher-order eukaryotes will

instead have a cap 1 structure, in which the first nucleotide

proximal to the cap structure is methylated. Using modRNA

with the cap 1 modification can potentially further abrogate

the innate immune response compared with cap 0 due to its

reduced affinity for binding RIG-I, MDA5, and IFIT-1 (Abbas

et al., 2017; Devarkar et al., 2016; Rehwinkel and Gack,

2020; Vaidyanathan et al., 2018; Z€ust et al., 2011). To synthe-

size modRNA with the cap 1 modification, we used site-

directed mutagenesis to convert the G to an A proximal to

the T7 promotor sequence in modRNA cap 0 (modRNAc0)

plasmid, yielding a modRNAc1 plasmid. Then, we cloned

our Cas9Puro insert into modRNAc1 plasmid. In addition,

we replaced the ARCA reagent with the CleanCap AG re-

agent. Our data showed that both cap 0 and cap 1 modRNA

could efficiently knock out CD90 in hPSCs (Figure S4), indi-

cating that the reduced immunogenicity of cap 1 modRNA

did not further improve gene KO efficiency in hPSCs.

ABE8emodRNA outperforms its plasmid counterpart for
genome editing in hPSCs
Besides Cas9, base editing can introduce single-nucleotide var-

iants into the genome and represents another important tech-

nique for genome editing. The adenosine base editor ABE8e

was our base editor of choice (Richter et al., 2020). To determine

if base-editing efficiencies using modRNA could outperform

plasmid-based delivery, we decided to knock out the B2M

gene, a protein subunit required for surface expression of all

class I major histocompatibility complex molecules. Our B2M

KO strategy employed base editing of the splice donor site,

thus rendering the spliceosome incapable of splicing the tran-

script correctly and deactivating it (Figure 4A). Using the SpliceR

program (Kluesner et al., 2021), we chose the most efficient

sgRNA for B2M KO using the ABE8e system. Next, hPSCs

were transfected with ABE8e, which was either encoded by a

plasmid or by modRNA, and a sgRNA targeting the splice donor

site of intron 1. The plasmid delivery was conducted in two

different mass ratios of the ABE8e (Data S1) to sgRNA plasmid

(1:1 and 3:1). ABE8e-mediated B2M KO efficiencies were then

measured using flow cytometry for B2M expression 5 days

post-transfection. Whereas the plasmid-based method

achieved 16.1% ± 0.8% and 12.3% ± 2.2% KO efficiencies

(1:1 and 3:1 mass ratio, respectively), our modRNA-based

method generated a much higher KO efficiency (69.6% ±

3.8%) (Figures 4B and 4C). To ensure that the lack of B2M

expression was the result of edited splice donor, we opted to

characterize intron 1 splice donor site in a B2M KO clone via

the TOPO-TA cloning method. We found that both alleles
a 12-well plate and transfected with 1,200 ng Cas9Puro modRNA, 200 ng

5, cells were collected, and GFP/CD90 expression was analyzed via flow
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Figure 4. modRNA ABE8e is more efficient over plasmid-based method

(A) Schematic of mechanism for gene KO via base editing. The dCas9 guides the fused ABE8e to the specific genomic region to perform the desired base edit.

This desired base edit mutates the splice acceptor or donor region so that after transcription, the spliceosome fails to splice out the intron or splices an exon,

respectively.

(B) Representative flow cytometry plots of cell population that were transfected with ABE8e + sgRNA, whichwere delivered in plasmid DNA ormodRNA form. Cell

populations were stained with a conjugated anti-B2M-APC antibody.

(C) Quantification of B2M� cells following either plasmid DNA or modRNA ABE8e transfection (n = 3; one-way ANOVA with post-hoc Tukey’s test).

(D) Sequencing result of the B2M intron 1 splice donor site within a single cell clonal line. This indicates that one allele had two A:T to G:C base edits (both within

the ABE8e editing window) and the other allele received only the desired splice donor base edit (base edits shown in red font).
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possessed the desired A:T to G:C editing at the splice donor site

(Figure 4D). One allele also had a second base edit, 4 base pairs

awaywithin the intron, because this site is still within the ABE8e’s

base-editing window. Overall, our experiments demonstrated

that our modRNA-based ABE8e system is about four times

more efficient than its plasmid counterpart at generating base

edits and enabling gene KO in hPSCs.

DISCUSSION

Our research outlines methods for efficient CRISPR-mediated

gene KOs in hPSCs using amodRNA-based Cas9 or ABE8e sys-

tem, which can be widely adopted for most labs without

requiring electroporation or nucleofection devices. We tested

the efficacy of our modRNA Cas9 system using multiple hPSC

lines, including two hESC lines as well as a human iPSC line,

demonstrating the general applicability. Our approach is highly

flexible to a variety of experimental conditions owing to the

Cas9Puro modRNA, which can be used in conjunction with pu-

romycin treatment to increase KO efficiency when high transfec-

tion efficiency is not possible for certain cell types. Integration of

the p53DDmodRNA into our system significantly increases gene

KO efficiency by reducing Cas9 induced DSB toxicity in hPSCs.
We also studied B2M KO in hPSCs via inactivation of the

splice donor using the ABE8e base editor. We found that the

modRNA ABE8e method is more efficient compared with

the plasmid format. The main advantage of using base editors

for generating gene KO in hPSCs is the elimination of DSBs

generated by Cas9. This abolishes the undesired chromosomal

rearrangements that result from DSBs and lowers the chances

of detrimental off-target indels, thus providing a more clinically

relevant genome engineering tool for hPSCs. Our modRNA

ABE8e method had a KO efficiency similar to that of our

Cas9 with p53DD modRNA method (69.6% ± 3.8% versus

73.3% ± 11.2%), highlighting its potential as an alternative to

CRISPR-Cas9-based strategies.

In summary, we demonstrated that when CRISPR-Cas9 with

p53DD or ABE8e modRNA is transfected into hPSCs, it outper-

forms the plasmid-based method. The increased efficiency of

modRNA methods is likely due to higher transfection effi-

ciencies and higher Cas9 or ABE8e protein expression levels

in the hPSCs. Since it is not 100% efficient, as is the case

with other delivery methods, clonal isolation is still required

for some downstream gene KO studies. Despite this, our

Cas9 with p53DD or ABE8e modRNA method results in

extremely high transfection efficiency and very high Cas9 or
Cell Reports Methods 2, 100290, September 19, 2022 7
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ABE8e expression levels, ultimately generating higher KO effi-

ciencies in hPSCs.

Limitations of the study
There are limitations inherent to our modRNA-based CRISPR

method. First, we used wild-type SpCas9 for genome editing

which has a protospacer adjacent motif (PAM) NGG. Thus, due

to PAMNGG restriction, our method limits target site recognition

to a subset of sequences in the genome. To remove this

constraint, we may use modRNA expression of engineered

near-PAMless Cas9 (Walton et al., 2020). Second, gene KO per-

formance with CRISPR systems is inherently tied to the sgRNA

used. When applying our methods for gene KOs, multiple

sgRNAs are needed for testing their on- and off-target editing ef-

ficiencies. In addition, in this study, we used the TOPO-TA clon-

ing method to identify on- and off-target editing. However,

TOPO-TA cloning may not be sensitive enough. Thus, in the

future, using next-generation sequencing (NGS) and GUIDE-

seq or Digenome-seq may be needed to quantify editing before

any edited stem cells are used for therapies. Furthermore, our

modRNA-based CRISPR system transfection and editing effi-

ciency has not reached 100%, and single-cell clone isolation is

still needed for isolating KO clones. Development of new trans-

fection reagents and/or inclusion of small molecules targeting

DNA repair pathways may further improve modRNA-based

gene-editing performance (Riesenberg and Maricic, 2018).
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Karikó, K., Buckstein, M., Ni, H., and Weissman, D. (2005). Suppression of

RNA recognition by Toll-like receptors: the impact of nucleoside modification

and the evolutionary origin of RNA. Immunity 23, 165–175. https://doi.org/10.

1016/J.IMMUNI.2005.06.008.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Three pluripotent cell lines, H9, H1 OCT4-GFP, and IMR90C4, were used for this study. These lines were obtained from WiCell

Research Institute. All cell culture experiments involving human pluripotent stem cell lines were approved by the Embryonic Stem

Cell Oversight Committee at the Pennsylvania State University and carried out in accordance with the approved guidelines.

METHOD DETAILS

Maintenance of hPSCs
hPSCs were maintained on iMatrix-511 (Iwai North America) coated plates in mTeSR1 medium (STEMCELL Technologies). Cells

were regularly passaged when they reached 80–90% confluency, usually 3–4 days after the previous passage. For passaging,

cell medium was aspirated and 1mL of Accutase (Innovative Cell Technologies) was added to each well. Cells were incubated at

37�C, 5% CO2 for 5 to 10 min. Dissociated cells were transferred to excess DMEM at a 1:2 (vol/vol) ratio and centrifuged at

1000 rpm for 4 min. New wells were precoated with 0.75 mg/mL iMatrix-511 and incubated at 37�C, 5% CO2 for 10 min. After centri-

fugation, cell pellet was resuspended inmTeSR1with 5 mMY-27632 (Selleck Chemicals). 10,000–20,000 cells/cm2were seeded onto

iMatrix-511 coated wells. For regular maintenance cells were cultured in six-well plates.

Modified mRNA (modRNA) synthesis
Cas9-2A-GFP, Cas9, Cas9Puro, p53DD, and ABE8e template DNA was PCR amplified from the donor plasmid using appropriate

primers. The PCR product was run on a 1% Agarose gel and the band at the appropriate size was excised and the DNA extracted

using the Zymoclean Gel DNA Recovery kit (Zymo Research). Purified insert DNA was cloned into the linearized modRNAc0 plasmid

using the In-Fusion Cloning Kit (Takara Bio). The DNA template for modRNA synthesis was PCR amplified from the successfully

cloned modRNAc0 plasmid followed by PCR purification using DNA Clean & Concentrator-5 (Zymo Research). ModRNA was

synthesized from the PCRDNA template via in vitro transcription (IVT) using theMEGAscript T7 Transcription kit (ThermoFisher) sup-

plemented with 8.1 mMATP, 2.7 mMGTP, 8.1 mMCTP, 2.7 mMN1-methyl-pseudo-UTP (TriLink Biotechnologies), and 10mMAnti-

Reverse Cap Analog (ARCA) (Tri-Link Biotechnologies). The IVT reaction product was treated with DNase I to remove DNA template

and then purified using the MEGAclear transcription clean-up kit (ThermoFisher). RNA concentration was measured using a

NanoDrop (ThermoFisher).

sgRNA synthesis
sgRNA was synthesized using the EnGen sgRNA Synthesis kit (NEB). Target specific oligos were ordered from Integrated DNA

Technologies using the following template: TTCTAATACGACTCACTATAG(N)20GTTTTAGAGCTAGA. Gene-specific target
e2 Cell Reports Methods 2, 100290, September 19, 2022
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sequences for CD90 were selected using the ChopChop online tool. The IVT reaction was assembled based on the manufacturer’s

recommendations and the sgRNA was purified using an RNA Clean & Concentrator-5 kit (Zymo Research). RNA concentration was

measured using a NanoDrop (ThermoFisher).

Transfection of Cas9 modRNA or plasmid into hPSCs
For Cas9mediated gene KO,�13,000 cells/cm2 hPSCswere seeded onto iMatrix-511 coatedwells of a 24-well plate and cultured for

24 h at 37�C, 5% CO2. The transfection mix was prepared using either modRNA or plasmid Cas9/Cas9Puro, target specific sgRNA,

p53DD, and Lipofectamine Stem Transfection Reagent (ThermoFisher) (1:2 ratio, mass/volume) in Opti-MEM medium

(ThermoFisher). Before transfection, the spent medium was replaced with fresh mTeSR1 with 10 mM Y-27632. The transfection

mix was incubated at room temperature for 10 min and then added to the well in a dropwise fashion followed by a media change

12 h later. From then on, cells were maintained in mTeSR1 with daily media changes until cells were eventually collected for flow

cytometry.

Transfection of ABE8e modRNA or plasmid into hPSCs
For ABE8e mediated gene KO, H9 cells were seeded onto iMatrix-511 coated wells of a 12-well plate and cultured at 37�C, 5%CO2.

Upon reaching 30% confluency, fresh 0.5 mL mTeSR1 was added to each well, and the cells were transfected using Lipofectamine

Stem Transfection Reagent (ThermoFisher) in Opti-MEMmedium (ThermoFisher). For plasmid-basedmethod, cells were transfected

using 500 ng (1:1) or 750 ng (3:1) XloneV3-ABE8e plasmid (which results in Doxycycline induced expression of ABE8e), 500 ng (1:1) or

250 ng (3:1) pGuide_B2M_Exon1 plasmid, and 5 mg/mL Doxycycline (Sigma-Aldrich). For modRNA-based method, cells were trans-

fected using 600 ng ABE8e modRNA and 200 ng B2M_Exon1_sgRNA. 24 h post transfection, a complete media change was per-

formed using fresh mTeSR1 media, with 5 mg/mL Doxycycline supplemented to the plasmid transfected wells. Cells were cultured

further for another 4 days, with daily mTeSR1 media changes, and with 5 mg/mL Doxycycline for the plasmids treated cells. 5 days

post-transfection, samples were analyzed for B2M expression using flow cytometry.

Flow cytometry
hPSCs were dissociated into single cells with 1 mL Accutase for 10 to 15 min. Cells were then resuspended in FlowBuffer-1 (DPBS

with 0.5%BSA) and immunostained with appropriate conjugated primary antibodies. Data was collected on a BDAccuri C6 Plus flow

cytometer and processed using the Flowjo software.

TOPO TA cloning for sequencing
hPSCswere cultured in awell of a 6-well plate until reaching 80%confluency. Once reaching this confluency, genomic DNAwas then

isolated using the ZYMO Quick DNA Miniprep Plus kit (Zymo Research). This genomic DNA was then used as a template for PCR

amplification of genomic regions of interest. PCRwas carried out using GoTaq DNA polymerase (Promega) with appropriate primers.

The resulting amplicons were run through 1% agarose gels, and bands of interest were gel purified using the Zymoclean Gel DNA

Recovery kit (Zymo Research) and subsequently run through the Zymo clean and concentrator-5 kit (Zymo Research). The resulting

ampliconswere then cloned into the TOPOTA cloning plasmid using the TOPO TACloning Kit for Sequencing (Thermofisher) accord-

ing to the manufacturer’s instructions. The resulting cloned plasmids were finally transformed into One Shot Stbl3 E. coli cells

(Thermofisher) according to manufacturer’s instructions, plated on Ampicillin agar plates, and cultured at 37�C overnight. Single

E. coli colonies were then picked and cultured in LB broth overnight, cultured at 37�C and shaking at 250 rpm. The next day, plasmids

were purified using the Zyppy Plasmid Miniprep Kit (Zymo Research) and sent in for sequencing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of flow cytometry data is shown as mean ± S.D. unless otherwise stated. One-way ANOVA followed by a post-hoc

Tukey’s Test was used for comparison between multiple groups. Unpaired student’s t-test was used for comparison between

different experimental groups. p values R 0.05 were considered not significant; p < 0.05 was considered significant.
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