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SUMMARY

Precise insertion of fluorescent proteins into lineage-specific genes in human pluripotent stem cells (hPSCs) presents challenges due to
low knockin efficiency and difficulties in isolating targeted cells. To overcome these hurdles, we present the modified mRNA (ModRNA)-
based Activation for Gene Insertion and Knockin (MAGIK) method. MAGIK operates in two steps: first, it uses a Cas9-2A-p53DD modRNA
with a mini-donor plasmid (without a drug selection cassette) to significantly enhance efficiency. Second, a deactivated Cas9 activator
modRNA and a ‘dead’ guide RNA are used to temporarily activate the targeted gene, allowing for live cell sorting of targeted cells. Conse-
quently, MAGIK eliminates the need for drug selection cassettes or labor-intensive single-cell colony screening, expediting precise gene
editing. We showed MAGIK can be utilized to insert fluorescent proteins into various genes, including SOX17, NKX6.1, NKX2.5, and
PDX1, across multiple hPSC lines. This underscores its robust performance and offers a promising solution for achieving knockin in

hPSCs within a significantly shortened time frame.

INTRODUCTION

CRISPR-mediated gene knockin methodologies have
emerged as powerful tools for gene editing (Banan, 2020;
Lau et al., 2020), marking significant strides in improving
efficiency, specificity, and the scope of targeting. CRISPR-
Cas9 can introduce precise double-stranded breaks (DSBs)
in targeted DNA sites (Cong et al.,, 2013; Jinek et al,,
2012; Mali et al., 2013), thereby enabling the insertion of
specific genetic variant sequences provided by the donor
DNA templates. Of note, homology-directed repair (HDR)
is a major mechanism that aids this process (Capecchi,
1989). HDR permits the precise integration of exogenous
DNA sequence at a specific site in the genome where a
DSB has occurred (Azhagiri et al., 2021; Hsu et al., 2014).
The HDR process relies heavily on donor DNA templates,
which come in three primary forms: double-stranded
DNA (dsDNA) (Merkle et al., 2015; Yu et al., 2020; Zhang
et al., 2017), single-stranded DNA (ssDNA) (Kagita et al.,
2021; Okamoto et al., 2019; Yoshimi et al., 2016), and ad-
eno-associated virus (AAV) (Bak and Porteus, 2017; Gaj
etal., 2017). While ssDNA and AAV may enhance knockin
efficiency in comparison with dsDNA, the latter is simpler
to manufacture and produce.

Arecent advancement in CRISPR-mediated gene knockin
technology entails the integration of fluorescent proteins
into lineage-specific marker genes within human pluripo-
tent stem cells (hPSCs) (Cruz-Santos et al., 2022; Martyn
etal., 2018; Sluch et al., 2015; Wu et al., 2018). The creation
of fluorescent reporter lines has revolutionized the isola-
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tion process of desired differentiated cells and offers an
invaluable tool for refining conditions to enhance stem
cell differentiation (Bao et al., 2019; Den Hartogh and Pass-
ier, 2016). Fluorescent reporters offer the ability to illumi-
nate specific cell populations, thereby enabling real-time
tracking of cell type specification throughout the differen-
tiation. For instance, the knockin of EGFP into the endog-
enous NKX2.5 locus (Elliott et al., 2011) in hPSCs generates
lines that express EGFP concurrent with the emergence of
cardiac progenitors during cardiac differentiation of hPSCs.
The advantage of real-time monitoring and tracking of
particular cell populations lies in the opportunity it pro-
vides for uncovering the molecular mechanisms underly-
ing the differentiation of hPSCs into defined cell types.

An alternative method for generating reporter cell lines for
lineage specific marker genes involves the non-specificinser-
tion of fluorescent transgenes under control of gene-specific
promoters via retro/lentiviral-mediated integration (Ov-
chinnikovetal., 2014; Sun etal., 2016). However, as opposed
to targeted insertion of the fluorescent reporter at the endog-
enous locus, this method is limited to known proximal reg-
ulatory regions and may not fully capture the diverse gene
regulatory elements that play a role in endogenous gene
expression, including but not limited to distal enhancers
and chromatin state, producing a less faithful reporter cell
population (Liu et al., 2018). Additionally, the silencing of
transgenes delivered via retro/lentiviral methods has been
well documented in hPSCs, making them less than ideal vec-
tors for the generation of reporter lines (Cabrera et al., 2022;
Herbst et al., 2012; Xia et al., 2007).
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Figure 1. ModRNA delivery increased gene knockin and target gene activation

(A) Schematic diagram for dCas9 activator mediated activation of silenced genes.

(B and C) WT H9 cells were transfected with dCas9 activator modRNA and either PDX1 dgRNA (B) or NKX6.1 dgRNA (C). Cells were collected
48 h after transfection and analyzed for PDX1 (B) or NKX6.1 (C) expression by flow cytometry. The bar chart shows the mean % positive cells
and error bars representing SEM across three independent experiments.

(D) WT H9 cells were transfected with dCas9 activator modRNA and NKX2.5 dgRNA. Cells were collected for gPCR analysis of NKX2.5, 48 h
after transfection. Relative expression of NKX2.5 is shown in transfected cells vs. untransfected cells.

(E-G) WT H9 cells were transfected with dCas9 activator modRNA and PDX1 dgRNA. Five days later, cells were immunostained for 0CT4,
NANOG, SOX2, and TRA-1-60 and analyzed by either immunofluorescent imaging (E) or flow cytometry (F and G). Scale bar, 100 um.

(legend continued on next page)
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Due to the inherently low efficiency of traditional HDR-
mediated knockin, a drug selection cassette (e.g., PGK-
Puro®) was commonly included in the donor vector. This
addition allows for the enrichment of targeted clones.
Despite this improvement, the efficiency remains relatively
low, necessitating the screening of hundreds of drug-resis-
tant clones. For example, in the case of OCT4-EGFP knockin,
researchers selected 288 puromycin-resistant clones and
subsequently performed PCR and Southern blot analysis to
identify only eight correctly targeted clones (2.8% effi-
ciency) (Zhu et al., 2015). A major challenge posed by this
drug selection approach is that the drug selection cassette in-
terferes with the expression of the integrated fluorescent
protein (Zhu et al.,, 2015). Consequently, an additional
step is necessary to remove the drug selection cassette after
successful knockin, which can significantly slow down the
generation of hPSC reporter lines.

To address this, the use of a drug selection cassette-free
donor vector has been proposed, aiming to expedite the
process. However, this selection-free approach may result
in even lower efficiency. Furthermore, for lineage-specific
genes, the lack of fluorescence in successfully targeted cells
precludes the use of live cell fluorescence-activated cell
sorting (FACS) technology for isolating knockin cells. As a
workaround, a traditional post-knockin process is adopted:
cells are replated at a single cell density, left for approxi-
mately 10 days, and then single cell-derived clones are
selected. A subsequent genomic PCR analysis verifies the
successful knockins. As a result, inserting fluorescent pro-
teins into lineage-specific marker genes in hPSCs remains
a significant challenge.

To address these challenges, we have developed a novel
strategy: modified mRNA (modRNA)-based Activation for
Gene Insertion and Knockin (MAGIK). MAGIK is designed
to both enhance knockin efficiency and simplify the pro-
cess of isolating successfully targeted cells. Our MAGIK
method starts with the use of a Cas9-2A-p53DD modRNA,
an alternative to the Cas9 plasmid, to significantly enhance
knockin efficiency. The subsequent step uses a deactivated
Cas9 (dCas9) activator modRNA to temporarily activate the
expression of lineage-specific gene and its associated fluo-
rescent protein. CRISPR activation (CRISPRa) was recently
used to enhance transgene enrichment in a study conduct-
ed by Mikkelsen et al. (2023). In their research, they incor-
porated CRISPRa target (the miniCMV reporter gene), and
their gene of interest (GOI) into the same HDR template

(Mikkelsen et al., 2023). Consequently, CRISPRa of the
miniCMV-reporter gene cassette indicated successful
knockin of the GOI (Mikkelsen et al., 2023). This approach
differs significantly from our MAGIK method. In MAGIK,
we directly target the reporter gene into a lineage-specific
gene and identify knockin cells by activating this lineage-
specific gene using CRISPRa. This maneuver simplifies
cell isolation through FACS, negating the need for selection
of single cell-derived clones. By circumventing the neces-
sity for the selection and genomic PCR of single cell-
derived clones, our approach provides a markedly efficient
and expedited alternative to conventional methods.

RESULTS

ModSAM system robustly activates silenced gene
expression in hPSCs

CRISPRa systems (Chavez et al., 2016; Kiani et al., 2015; Ko-
nermann et al., 2015) are extensively used to initiate the
transcription of otherwise silenced genes in a manner spe-
cific to gRNAs. In earlier work (Haideri et al., 2022), we
showed how the gene editing efficiency in hPSCs could
be increased through a modRNA-based delivery of Cas9,
which resulted in up to a 3-fold increase over an equivalent
plasmid-based strategy. With this success, we chose to
adapt our modRNA-based approach to the CRISPRa system
in hPSCs. We decided to develop modRNA-based synergis-
tic activation mediator (modSAM) system (Figure 1A). Our
modSAM system is composed of two key components. The
first is the dCas9 activator modRNA (VP64dCas9VP64-2A-
MPH), which utilizes two VP64 transcriptional activators,
each attached to the N and C terminus of the dCas9. It
also includes the expression of the MS2-p65-HSF1 (MPH).
The second component is an engineered 'dead’ guide
RNA (dgRNA) (Liao et al., 2017). This dgRNA is unique as
it contains two MS2 aptamers and has a spacer length of
14 base pairs (bp). A notable advantage of using this dgRNA
is its ability to pair with either a dCas9 or a catalytically
active Cas9 without causing DSBs. By applying our mod-
SAM system, we managed to achieve robust activation
of lineage-specific genes, NKX6.1, PDX1, and NKX2.5 in
hPSCs (Figures 1B-1D). After modSAM transfection using
PDX1-dgRNA1, 63.3% =+ 3.1% PDX1" cells were generated
and measured by flow cytometry at 48 h after transfection
(Figure 1B). For NKX2.5 activation, we conducted qPCR

Representative plots showing day 5 expression of 0CT4 and TRA-1-60. (G) Quantification of (F) with error bars representing SEM across

three independent replicates.

(H) Diagram of our two-step approach for deriving reporter hPSCs using either plasmid or modRNA transfection.

(I and J) NKX2.5-nEGFP reporter cells were generated from WT H9 cells as shown in (H). Cells were analyzed for EGFP expression by flow
cytometry, 48 h after activating NKX2.5. (I) Representative plots showing EGFP expression across each of the four combinations.

(J) Quantification of (I) with error bars representing SEM across 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. MAGIK for generating H9 NKX6.1-nEGFP reporter cells

(A) Schematic diagram showing timeline for MAGIK approach.

(B) Diagram showing knockin and activation strategy.

(C) WT H9 cells were transfected with iCas9 modRNA, NKX6.1 KI sgRNA, and NKX6.1-nEGFP mini-donor plasmid. The mixed knockin cells

were transfected with dCas9 activator modRNA and NKX6.1 dgRNA. EGFP* cells were sorted via FACS 48 h after transfection and replated

into 1 well of a 48-well plate. Representative plot showing percentage of EGFP-positive cells.

(D) Representative brightfield and fluorescent images of knockin reporter cells before and after sorting until day 5 post-transfection. Scale

bar, 100 uM.

(E) Post-sort H9 NKX6.1-nEGFP reporter cells were transfected with dCas9 activator modRNA and NKX6.1 dgRNA. On day 2 after trans-

fection, cells were fixed and stained for NKX6.1. Scale bar, 100 puM.

(legend continued on next page)
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analysis after modSAM transfection, demonstrating up to a
68-fold increase in NKX2.5 expression compared with the
untransfected hPSCs (Figure 1D).

While activation with our modSAM initially induced
morphological changes in cultured hPSCs, we observed
that cells reverted to the typical hPSC morphology
4-5 days later. Consequently, we decided to evaluate
whether hPSCs maintain pluripotency 5 days after trans-
fection by analyzing the expression of pluripotency
markers. Nearly 100% of day 5 cells were positive for
OCT4, NANOG, and SOX2 based on immunostaining as-
says (Figures 1E and S1A). This was confirmed by flow cy-
tometry analysis of day 5 cells, which showed high levels
of OCT4 and TRA-1-60 expression similar to wild-type
(WT) hPSCs (Figures 1F, 1G, and S1B-S1E). Considering
the transient nature of the activation and the absence of
irreversible differentiation in the modSAM transfected
cells, we hypothesized that our modSAM system might
serve as a selection tool for purifying targeted cells after
Cas9-mediated knockin of fluorescent proteins to line-
age-specific genes. At present, the selection for successful
knockin of lineage-specific genes necessitates a laborious
process involving the selection and validation of single-
cell clones through genomic PCR and sequencing.

To test our proposed strategy and show the efficacy of our
modRNA-based approach against traditional plasmid-based
methods, we designed an experiment to create EGFP with
nuclear localization signal sequence (NKX2.5-nEGFP) re-
porter cells using parallel methods of plasmid-based or
modRNA-based delivery of Cas9 and dCas9 activator
(Figure 1H).

Our MAGIK strategy uses a two-step approach: first, we
use a Cas9-2A-p53DD modRNA (iCas9 modRNA), a sgRNA
targeting the stop codon region (KI sgRNA), and a mini-
donor plasmid (no drug selection cassette) to insert the
fluorescent protein. The iCas9 modRNA was used because
it can generate higher gene editing efficiency as compared
with Cas9 modRNA (Figure S1F). Subsequently, we tran-
siently activate the target gene using modSAM to enable
sorting of the positive cells.

For our initial screen, we performed each step using either
plasmid-based or modRNA-based delivery, yielding a total of
four possible combinations. We analyzed the efficiency of
each combination via flow cytometry of activated cells.
Consistent with our initial hypothesis, our modRNA-based
approach for both steps significantly outperformed all other
combinations, showing a nearly 45-fold improvement over

an entirely plasmid-based approach (5.77% = 0.27% vs.
0.13% + 0.03%) (Figures 11 and 1]J). We validated our results
in a second gene via generation of PDX1-EGFP reporter cells.
We observed a 15-fold improvement with our modRNA-
based strategy over the traditional plasmid-based delivery
of CRISPR components (Figures S1G and S1H).

Generation of the NKX6.1-nEGFP reporter line via
MAGIK

Considering the effectiveness of our approach in achieving
significantly higher proportions of targeted cells, we
chose to utilize our MAGIK method to create an NKX6.1-
nEGFP H9 reporter line (Figure 2A). NKX6.1 is an impor-
tant marker for pancreatic progenitors and beta cells
(Lee et al., 2019; Pagliuca et al., 2014). We cloned an
NKX6.1-nEGFP mini-donor plasmid (no drug-selection
cassette), based on the traditional NKX6.1 donor plasmid
previously reported (Liu et al., 2021). Additionally, we syn-
thesized a KI sgRNA targeting the stop codon region of
NKX6.1 based on a published sequence (Liu et al., 2021)
(Figure 2B).

HO cells were initially transfected with iCas9 modRNA,
NKX6.1 KI sgRNA, and NKX6.1-nEGFP mini-donor
plasmid. After a cultivation period, cells were passaged
and transfected with our modSAM system (dCas9 acti-
vator modRNA + NKX6.1-dgRNA4). Two days after trans-
fection, EGFP* cells were sorted and replated. The purity
of EGFP™" cells was 3.63%, compared with 0% in the un-
transfected population (Figure 2C). We confirmed EGFP
expression via fluorescent microscopy on the day of sort-
ing (Figure 2D). Subsequently, all cells were EGFP™ on day
5 after transfection (Figure 2D).

To assess whether the sorted cells were indeed NKX6.1-
nEGFP knockin cells, we transfected the sorted cells via
modSAM and immunostained the cells using a NKX6.1
antibody. Our data showed co-localization of EGFP with
anti-NKX6.1 antibody signal (Figure 2E). To study whether
the sorted cells retained pluripotency, we assessed the cells
via immunostaining of pluripotency makers. Our data
showed the sorted cells exhibited nearly 100% expression
of OCT4, NANOG, and SOX2 (Figure 2F), with flow cytom-
etry revealing similar expression levels of OCT4 and TRA-1-
60 to WT HO cells (Figures 2G, and S1B). qPCR analysis of
FACS-isolated H9 NKX6.1-nEGFP showed robust expres-
sion of pluripotency markers OCT4, SOX2, and NANOG,
while human dermal fibroblasts showed minimal expres-
sion (Figure S2A).

(F and G) Post-sort NKX6.1-nEGFP reporter cells were stained for 0CT4, NANOG, SOX2 and TRA-1-60 and analyzed by either immunoflu-
orescent imaging (F) or flow cytometry (G). Scale bar, 100 pum. Error bars represent SEM across three independent experiments.

(H) PCR genotyping of 10 single-cell-derived clones from post-sort NKX6.1-nEGFP reporter cells. The expected band from each set of
primers is highlighted by a pair of red dashed lines (5’ OUT, 2,135 bp; 3’ OUT, 2,677 bp).
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From the sorted cell population, we derived single cell
clones and extracted genomic DNA (gDNA). PCR on the
gDNA with our 5’ Out and 3’ Out primers (Figure 2B)
confirmed successful integration of EGFP at the expected
site in all clonal populations (Figure 2H).

Generation of the SOX17-nEGFP reporter line via
MAGIK

SOX17 gene encodes a member of the SOX (SRY-related
HMG-box) family of transcription factors. It plays a crucial
role in embryo development and serves as a marker for
definitive endoderm (DE) (D’Amour et al., 2005; Jiang
etal., 2021). Additionally, SOX17 specifies human primor-
dial germ cell (Irie et al., 2015) and blood cell fate (Jung
et al., 2021). To generate a SOX17-nEGFP H9 reporter line
using our MAGIK method, we cloned a SOX17-nEGFP
mini-donor plasmid with the appropriate left and right
homology arms (Figure 3A) and synthesized a SOX17 KI
sgRNA based on a published sequence (Martyn et al.,
2018). The knockin and sorting of EGFP* cells were per-
formed after modSAM transfection (Figure 2A). During
sorting, the purity of EGFP" cells was 0.51% (Figure 3B). Af-
ter sorting, EGFP" cells were seeded into one well of the
48-well plate, and EGFP expression was monitored daily
until no longer detectable (Figure 3C). Similar to the sorted
NKX6.1-nEGFP reporter, all sorted SOX17-nEGFP cells ex-
hibited EGFP expression under fluorescent microscopy
(Figure 3C) immediately after sorting. In addition, the
sorted cells lost EGFP expression starting from day 4 after
sorting (Figure 3C).

To validate whether the sorted cells were indeed
SOX17 knockin cells, we transfected the sorted cells via
modSAM using a validated SOX17 dgRNA. Our data
showed co-localization of EGFP with anti-SOX17 anti-
body signal (Figure 3D). To assess whether the sorted
cells retained an undifferentiated state, we characterized
the cells via immunostaining of pluripotency makers.
Our data showed the sorted cells exhibited nearly
100% expression of OCT4, NANOG, and SOX2 (Fig-
ure 3E), with flow cytometry revealing nearly 100%
expression of OCT4 and TRA-1-60 (Figure 3F). We then
differentiated the sorted cells into DE cells using our
small molecule DE protocol (Jiang et al., 2021). On day
4 of differentiation, the differentiated cells were fixed
and immunostained with a SOX17 antibody. Our data re-
vealed that the EGFP expression co-localized with the
anti-SOX17 immunofluorescence signal (Figure 3G). To
provide further validation of our sorted SOX17-nEGFP
H9 reporter line, we performed PCR genotyping of
gDNA extracted from 11 single-cell derived clones using
our 5 Out and 3’ Out primers. Running the PCR product
on DNA gels revealed successful integration of the re-
porter construct in all clonal populations (Figure 3H).

Additionally, PCR amplification of gDNA using our Inner
primers revealed that all single-cell-derived clones were
heterozygous for the fluorescent reporter (Figure 3I).

MAGIK for generation of the NKX2.5-nEGFP reporter
NKX2.5 is a transcription factor that plays a critical role in
the specification of cardiac fate, and defects in this gene are
associated with congenital heart diseases (Reamon-Buett-
ner and Borlak, 2010). For development of an NKX2.5-
nEGFP H9 reporter, we synthesized a mini-donor plasmid
(Figure 4A). Additionally, we designed and synthesized a
NKX2.5 KI sgRNA. H9 cells were transfected with iCas9
modRNA, NKX2.5 KI sgRNA, and NKX2.5-nEGFP mini-
donor plasmid, followed by modSAM transfection. Two
days after modSAM transfection, EGFP* cells (5.9%) were
sorted and seeded onto one well of the 48-well plate (Fig-
ure 4B). EGFP expression was monitored via fluorescent mi-
croscopy until EGFP expression had completely ablated
(Figure 4C). Then we validated our sorted EGFP* cells via
modSAM transfection and immunostaining for NKX2.5
expression. Fluorescent microscopy of immunostained
cells showed co-localization of EGFP signal with anti-
NKX2.5 antibody signal (Figure 4D). Additionally, sorted
reporter cells showed nearly 100% expression of pluripo-
tency markers OCT4, NANOG, and SOX2 as determined
by immunostaining (Figure 4E). Flow cytometry of reporter
cells stained for OCT4 and TRA-1-60 showed expression
equivalent to WT H9 cells (Figures 4F and S1B). NKX2.5-
nEGFP reporter cells were differentiated into cardiomyo-
cytes using our GiWi protocol (Lian et al., 2012; 2013).
Cells assayed on day 10 of differentiation were 74.0% =+
0.6% EGFP" according to flow cytometry (Figure 4G). Im-
munostaining of day 10 cells with anti-NKX2.5 antibody
revealed that EGFP signal co-localized with the anti-
NKX2.5 antibody (Figure 4H). We derived 12 single-cell
clonal lines from the sorted H9 NKX2.5-nEGFP reporter
and extracted gDNA for PCR genotyping. Based on the re-
sults from our 5’ Out and 3’ Out primers, we validated
successful integration of the reporter construct across all
single-cell clonal populations tested (Figures 41 and 4]).
Additionally, using our Inner primers we determined that
2 of the 12 clonal populations had bi-allelic integration
of the fluorescent reporter (Figure 4K).

MAGIK for generation of the PDX1-EGFP reporter line
in multiple hPSC lines

Having demonstrated the effectiveness of MAGIK in
creating fluorescent reporter lines spanning various genes
within H9 cells, we sought to authenticate our methodol-
ogy across a spectrum of hPSC lines. To accomplish this
objective, we decided to produce PDX1-EGFP reporters uti-
lizing multiple hPSC lines, including H9, H1, IMR90, and
6-9-9.
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Figure 3. MAGIK for generating H9 SOX17-nEGFP reporter cells

(A) Diagram showing knockin and activation strategy for SOX17.

(B) WT H9 cells were transfected with iCas9 modRNA, SOX17 KI sgRNA, and SOX17-nEGFP mini-donor plasmid. The mixed knockin cells were
transfected with dCas9 activator modRNA and SOX17 dgRNA. EGFP* cells were sorted via FACS 48 h after transfection and replated into one
well of a 48-well plate. Representative plot showing percentage of EGFP-positive cells.

(C) Representative brightfield and fluorescent images of knockin reporter cells before and after sorting until day 4 post-transfection. Scale
bar, 100 pM.

(D) Post-sort H9 SOX17-nEGFP reporter cells were transfected with dCas9 activator modRNA and SOX17 dgRNA. On day 2 following
transfection, cells were fixed and stained for SOX17. Representative fluorescent images showing co-localization of anti-SO0X17 signal and
EGFP. Scale bar, 100 uM.

(E and F) Post-sort H9 SOX17-nEGFP reporter cells were stained for 0CT4, NANOG, SOX2 and TRA-1-60 and analyzed by either immuno-
fluorescent imaging (E) or flow cytometry (F). Scale bar, 100 um. Representative flow cytometry plots and quantification of 0CT4 and TRA-
1-60 expression in post-sort H9 SOX17-nEGFP reporter cells. Error bars represent SEM across three independent experiments.

(G) H9 SOX17-nEGFP reporter cells were differentiated to DE cells and then stained for SOX17. Representative fluorescent images showing
co-localization of anti-SOX17 signal and EGFP. Scale bar, 100 um.

(H) PCR genotyping of 11 single-cell-derived clones from post-sort H9 SOX17-nEGFP reporter cells. The expected band from each set of
primers is highlighted by a pair of red dashed lines (5’ OUT, 2,610 bp; 3’ OUT, 2,764 bp).

(I) PCR genotyping of single-cell derived clones using Inner primers to distinguish between monoallelic and biallelic knockin (WT, 814 bp;
KI with GFP, 1,615 bp).
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Figure 4. MAGIK for generating H9 NKX2.5-nEGFP reporter cells

(A) Diagram showing knockin and activation strategy for NKX2.5.

(B) WT H9 cells were transfected with iCas9 modRNA, NKX2.5 KI sgRNA, and NKX2.5-nEGFP mini-donor plasmid. Cells were expanded in
TeSR for several days before being passaged into wells of a 12-well plate. The mixed knockin cells were transfected with dCas9 activator
modRNA and NKX2.5 dgRNA. EGFP* cells were sorted via FACS 48 h after transfection and replated into one well of a 48-well plate.
Representative plot showing percentage of GFP-positive cells sorted from the total population.

(C) Representative brightfield and fluorescent images of knockin reporter cells before and after sorting until day 4 after transfection. Scale

bar, 100 pm.

(legend continued on next page)
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PDX1 functions as a pivotal regulator in pancreas develop-
ment (Kobayashi et al., 2010). During the differentiation of
hPSCs into pancreatic lineages, the expression of PDX1 is
observed in pancreatic progenitors and beta cells (Jiang
et al.,, 2021; Randolph et al., 2019). In the context of
PDX1 knockin, we leveraged our iCas9 modRNA in conjunc-
tion with a PDX1-EGFP mini-donor plasmid (Zhu et al.,
2015) and a PDX1 KI sgRNA (Figure 5A). To effectively
isolate cells that had undergone successful targeting, we
transfected KI cells with our modSAM system, utilizing our
validated dgRNA. Encouragingly, the MAGIK method
yielded positive outcomes across all four cell lines. Two
days after modSAM transfection, the proportions of EGFP*
cells were 0.44% (H9 hESC), 1.41% (IMR90 iPSC), 0.76%
(H1 hESC), and 1.76% (6-9-9 iPSC) (Figures 5B, S3A, S4A,
and SS5A).

Subsequently, EGFP*-sorted cells were seeded into 1 well
of a 48-well plate. Upon observation with a fluorescent
microscope, it was confirmed that the attached cells
were indeed expressing EGFP (Figures SC, S3B, S3C, S4B,
S4C, S5B, and S5C). As expected, all sorted cells ceased
EGFP expression within one week of plating (Figures 5C,
S3B, S3C, S4B, S4C, S5B, and S5C). Following expansion,
the sorted cells underwent transfection with our modSAM
system to activate PDX1 and EGFP expression. Immuno-
staining analyses showed co-localization between the
EGFP signal and anti-PDX1 immunofluorescence signal
(Figures 5D, S3D, S4D, and S5D). Moreover, the sorted
cells consistently displayed nearly 100% expression of
the pluripotency markers OCT4, NANOG, and SOX2, as
determined through immunostaining across all tested
cell lines (Figures SE, S3E, S4E, and SSE). Additionally,
the percentage of cells positive for OCT4 and TRA-1-60,
as determined by flow cytometry, exhibited similarities
between the sorted reporter cells and WT H9 cells
(Figures SF, S3F, S4F, and S5F). qPCR analysis of FACS-pu-
rified PDX1-EGFP H9 cells demonstrated robust expres-
sion of the canonical stem cell markers at levels similar

to WT H9 cells (Figure S2A). These findings collectively
signify the feasibility of using the MAGIK method to
generate lineage-specific reporters within diverse hPSC
populations.

Next, we differentiated PDX1-EGFP H9 cells into pancre-
atic B-cell using our small-molecule-based protocol (Jiang
et al.,, 2021). At the end of stage 1, we obtained 58.8%
FOXA2" DE cells (Figure 5G). Additionally, at the end of
stage 4, 31.6% of PDX1-EGFP reporter cells were EGFP*, indi-
cating that our knockin reporter cells can accurately report
the expression of PDX1 (Figure 5H). We further performed
immunostaining of stage 4 cells using a PDX1 antibody.
Our data showed co-localization of EGFP expression with
the anti-PDX1 signal (Figure 5I). In addition to lineage-spe-
cific differentiation of the PDX1-EGFP reporter, we also per-
formed neural induction of PDX1-EGFP reporter cells to
demonstrate the fidelity of the reporter (Lippmann et al.,
2014). As expected, after neural differentiation, H9 PDX1-
EGFP cells showed robust expression of the neuroectoderm
fate marker PAX6 and no EGFP expression on day 10 of dif-
ferentiation similar to WT H9 cells—as determined by im-
munostaining and qPCR analysis (Figures S2B and S2C).

We derived multiple single-cell clonal populations from
our sorted H9, H1, and IMR90 PDX1-EGFP reporters and
extracted gDNA for PCR analysis. Using our 5’ Out and 3’
Out probes, we showed successful amplification of the ex-
pected bands, demonstrating successful integration of the
fluorescent reporter at the target site across all clonal popu-
lations in all three cell lines (Figures 5], SK. S3G, and S4G).
Additionally, PCR amplification of the gDNA using the In-
ner primers indicated that 5 clonal lines out of the 32 clonal
populations tested across the three cell lines (15.6%) were
homozygous for reporter integration (Figures 5L, S3H,
and S4H).

Overall, we showed that our MAGIK method can be used
to derive fluorescent reporter lines across multiple lineage-
specific genes and demonstrated the robustness of MAGIK
across multiple hPSC lines.

(D) Post-sort H9 NKX2.5-nEGFP reporter cells were transfected with dCas9 activator modRNA and NKX2.5 dgRNA. On day 2 following
transfection, cells were fixed and stained for NKX2.5 (red). Representative fluorescent images showing co-localization of anti-NKX2.5
signal and GFP. Scale bar, 100 um.

(E and F) Post-sort H9-NKX2.5nEGFP reporter cells were stained for 0CT4, NANOG, SOX2 and TRA-1-60 and analyzed by either immuno-
fluorescent imaging (E) or flow cytometry (F). Scale bar, 100 um. Representative flow cytometry plots and quantification of 0CT4 and TRA-
1-60 expression in post-sort H9 NKX2.5-nEGFP reporter cells. Error bars represent SEM across three independent experiments.

(G and H) H9 NKX2.5-nEGFP reporter cells were seeded on Matrigel-coated plates and differentiated into cardiomyocytes using our GiWi
protocol. Day 10 cells were either (G) collected for live-cell flow cytometry or (H) fixed and stained for NKX2.5 for immunofluorescent
imaging. (G) Representative flow cytometry plot and quantification of EGFP expression. Error bars represent SEM across three replicates.
(H) Scale bar, 100 pm.

(I'and J) PCR genotyping of 12 single-cell derived clones from post-sort H9 NKX2.5-nEGFP reporter cells. The expected band from each set
of probes is highlighted by a pair of red dashed lines (5" OUT, 1,351 bp; 3’ OUT, 1,375 bp).

(K) PCR genotyping of single-cell derived clones using Inner primers to distinguish between mono-allelic and bi-allelic integration of the
fluorescent reporter (WT, 499 bp; KI with GFP, 1,303 bp).
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Figure 5. MAGIK for generating PDX1-EGFP reporter in multiple hPSC lines

(A) Diagram showing knockin and activation strategy for PDX1.

(B) WT H9 cells were transfected with iCas9 modRNA, PDX1 KI sgRNA, and PDX1-EGFP mini-donor plasmid. Cells were expanded in TeSR for
several days before being passaged into multiple wells of a 12-well plate. The mixed knockin cells were transfected with dCas9 activator
modRNA and PDX1 dgRNA. EGFP* cells were sorted via FACS 48 h after transfection and replated into one well of a 48-well plate.
Representative plot showing percentage of EGFP-positive cells sorted from the total population.

(C) Representative brightfield and fluorescent images of knockin reporter cells before and after sorting until day 4 after transfection. Scale
bar, 100 um.

(E) Post-sort H9 PDX1-EGFP reporter cells were transfected with dCas9 activator modRNA and PDX1 dgRNA. On day 2 following transfection,
cells were fixed and stained for PDX1. Representative fluorescent images showing co-localization of anti-PDX1 signal and EGFP. Scale bar,
100 pm. (E and F) Post-sort H9 PDX1-EGFP reporter cells were stained for 0CT4, NANOG, SOX2, and TRA-1-60 and analyzed by either

(legend continued on next page)
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DISCUSSION

The ability to perform knockin in hPSCs is vital for
the advancement of stem cell research and therapy. The
introduction of fluorescent proteins into lineage-specific
marker genes within hPSCs has revolutionized the isola-
tion of desired differentiated cells. However, conventional
knockin methodologies have long grappled with chal-
lenges like low efficiency and intricate protocols. The
necessity of integrating a drug-selection cassette into
the donor plasmid, coupled with the subsequent require-
ment to excise the drug selection component post-suc-
cessful knockin, has elongated the knockin process
significantly.

Scientists have developed various strategies to enhance
the efficiency of precise sequence replacement or insertion
via HDR. By strategically designing ssDNA donors with
optimal length complementary to the strand initially
released by Cas9, researchers can boost HDR rates in human
cells, achieving rates as high as 60% (Richardson et al.,
2016). However, synthesizing long ssDNA poses relative dif-
ficulty. For using dsDNA donors, researchers have discov-
ered that modifying dsDNA, such as using specially
designed 3’ overhang dsDNA donors containing 50-nt ho-
mology arms (Han et al.,, 2023) or using sgRNA-PAM
sequence-flanked dsDNA as donors (Zhang et al., 2017),
can significantly enhance HDR efficiency. These specialized
dsDNA donors have not been demonstrated in hPSCs and
these special donors present greater production challenges
compared with traditional plasmid donors. Additionally,
researchers have explored small-molecule inhibitors to
enhance HDR efficiency. They identified AZD7648, an in-
hibitor of DNA-dependent protein kinase catalytic subunit,
a crucial protein in the alternative repair pathway of non-
homologous end-joining, which can substantially increase
HDR efficiency (up to 50-fold) (Selvaraj et al., 2023). Simul-
taneously inhibiting DNA-PK and Pol6 can further improve
HDR efficiency and the precision of genome editing (Wim-
berger et al., 2023). Nevertheless, despite these multiple
approaches to enhance HDR efficiency, it is important to
note that HDR efficiency is not guaranteed to reach 100%.

Consequently, achieving precise integration of a fluores-
cent protein into a silenced lineage-specific marker gene
still necessitates single cell cloning, a step that considerably
delays the knockin process.

To address these challenges, we introduce the MAGIK
method. This novel strategy enhances knockin efficiency
by using an iCas9 modRNA and facilitates target cell isola-
tion with a modSAM system. Our method simplifies the
process of isolating successful knockin cells, providing a
markedly efficient and expedited alternative to conven-
tional methods. The MAGIK method stands out for its effi-
ciency and simplicity. It starts with the use of an iCas9
modRNA to significantly enhance knockin efficiency. The
subsequent step uses a dCas9 activator modRNA to tempo-
rarily activate the expression of lineage-specific genes and
their associated fluorescent proteins, simplifying the isola-
tion of correctly targeted cells through FACS. According to
our data, all FACS-sorted EGFP* cells (100%) are correctly
targeted clones, with some being biallelic targeting clones.

The MAGIK results showed a 45-fold improvement over
an entirely plasmid-based approach. We demonstrate the
robustness of MAGIK across multiple lineage-specific genes
(NKX6.1, SOX17, NKX2.5, and PDX1) and four hPSC lines.
The method’s ability to derive relatively pure fluorescent
reporter cells without the use of drug selection cassettes
and arduous genomic PCR screening makes it a significant
advancement in the field.

In summary, the MAGIK method represents a significant
step forward in the field of stem cell research. Its efficiency,
simplicity, and applicability across various genes and stem
cell lines make it a promising tool for developing lineage-
specific reporters. The future applications of MAGIK could
extend to various areas of biomedical research, offering
new avenues for understanding and treating human
diseases.

Limitations of the study

While we are able to achieve relatively pure populations
of correctly targeted lineage-specific fluorescent reporter
hPSCs via our MAGIK method, some researchers may opt
to derive single-cell clones for the purpose of establishing

immunofluorescent imaging (E) or flow cytometry (F). Scale bar, 100 um. Representative flow cytometry plots and quantification of 0CT4
and TRA-1-60 expression in post-sort H9 PDX1-EGFP reporter cells. Error bars represent SEM across three independent experiments.
(G and I) H9 PDX1-EGFP reporter cells were differentiated to pancreatic progenitors (PPs) using our GiBi protocol. (G) Day 4 cells were

collected and analyzed for FOXA2 expression by flow cytometry.

(H) Day 14 cells were collected and analyzed for EGFP expression by flow cytometry.
(I) Day 14 cells were fixed and stained for PDX1. Representative fluorescent images showing colocalization of anti-PDX1 signal and EGFP.

Scale bar, 100 um.

(J and K) PCR genotyping of 12 single-cell-derived clones from post-sort H9 PDX1-EGFP reporter cells. Expected band from each set of
probes is highlighted by a pair of red dashed lines (5" OUT, 1,746 bp; 3’ OUT, 1,837 bp).
(L) PCR genotyping of single cell derived clones using Inner primers to distinguish between monoallelic and biallelic knock in (WT, 885 bp;

KI with GFP, 1,659 bp).
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bi-allelic knockins. While the transient activation of the
lineage-specific genes targeted in this study did not induce
differentiation, it is conceivable that activating certain
genes transiently might lead to pluripotency loss. This po-
tential outcome could pose challenges in isolating accu-
rately targeted cells using the MAGIK method.

An additional constraint of our method is the necessity
for robust activation of the target gene to facilitate FACS
isolation. Although CRISPRa systems have been exten-
sively used for activating numerous genes, optimal dgRNAs
for some genes remain undetermined. To target novel
genes, researchers may need to screen multiple dgRNAs to
identify the optimal combination. Fortunately, ongoing
advancements in CRISPRa systems and online tools like
CHOPCHOP for dgRNA selection are simplifying this
process (Armando Casas-Mollano et al.,, 2020; Labun
et al., 2019).

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Dr.
Lian (Lian@psu.edu).
Materials availability
We have deposited our newly generated plasmids to Addgene
with the catalog number: modRNAc1-Cas9-2A-Puro (216390), mod-
RNAc1-Cas9-2A-p53DD (216389), modRNAc1-VP64dCas9VP64-
2A-MPH (216388), mini-donor NKX6.1-2A-nEGFP  (206047),
mini-donor SOX17-2A-nEGFP (206048), and mini-donor NKX2.5-
2A-nEGFP (209287).
Data and code availability
o The published article includes all the dataset generated dur-
ing this study.
e This paper does not report original code.
o Any additional information required to re-analyze the data
reported in this paper is available from the lead contact
upon request.

ModRNA or plasmid-based knockin in hPSCs

For knockin, approximately 14,000 cells/cm? hPSCs were seeded
onto iMatrix-511 coated wells of a 12-well plate and cultured for
24 h at 37°C, 5% CO,. For modRNA-based knockin, iCas9 mod-
RNA, KI sgRNA, and mini-donor plasmid were combined with Lip-
ofectamine Stem Transfection Reagent (Thermo Fisher Scientific)
(1:4 ratio, mass/volume) in Opti-MEM media. For plasmid-based
knockin, iCas9 modRNA was replaced with the EFS-Cas9 plasmid.
Before transfection, the spent culture medium was replaced with
fresh TeSR supplemented with 10 uM Y-27632. The transfection
mix was incubated at room temperature for 10 min before being
added to the well in a dropwise fashion. The transfection media
was changed 24 h later, and cells were maintained in TeSR with
daily media changes.

ModSAM-mediated target gene activation in hPSCs

For modSAM-mediated gene activation, approximately 28,000 cells/
cm? hPSCs were seeded onto iMatrix-511-coated wells of a 12-well
plate and cultured for 24 h at 37°C, 5% CO,. For modRNA-based
activation, the dCas9 activator modRNA and dgRNA were combined
with Lipofectamine Stem Transfection Reagent (1:4 ratio, mass/
volume) in Opti-MEM medium. For plasmid-based activation,
the dCas9 activator modRNA was replaced with pPB-R1R2-EFla-
VP64dCas9VP64-T2A-MS2p65SHSF1-IRES-bsd-pA plasmid (Addg-
ene, #113341). Before transfection, the spent culture medium was
replaced with fresh TeSR supplemented with 10 uM Y-27632. The
transfection mix was incubated at room temperature for 10 min
before being added to the well in a dropwise fashion followed by a
media change 24 h later. Cells were collected between 36 and 48 h
after transfection for either FACS or flow cytometry.

Statistical analysis

Quantification of flow cytometry data is shown as the mean + SEM
unless otherwise specified. All statistical analyses were performed
in R. Unpaired Student’s t-test was used for comparison between
two groups. For comparison between multiple groups a two-way
ANOVA followed by post hoc Tukey’s test was used. A value of
p > 0.05 was considered not significant; *p < 0.05, **p < 0.01,
and ***p < 0.001 were considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.03.005.
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