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Aim: We explored the generation of human induced pluripotent stem cells (iPSCs) solely through the
transcriptional activation of endogenous genes by CRISPR activation (CRISPRa). Methods: Minimal number
of human-specific guide RNAs targeting a limited set of loci were used with a unique cocktail of
small molecules (CRISPRa-SM). Results: iPSC clones were efficiently generated by CRISPRa-SM, expressed
general and naive iPSC markers and clustered with high-quality iPSCs generated using conventional
reprogramming methods. iPSCs showed genomic stability and robust pluripotent potential as assessed
by in vitro and in vivo. Conclusion: CRISPRa-SM-generated human iPSCs by direct and multiplexed loci
activation facilitating a unique and potentially safer cellular reprogramming process to aid potential
applications in cellular therapy and regenerative medicine.
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Human-induced pluripotent stem cells (iPSCs) are equivalent to embryonic stem cells in term of their capacity to
undergo tri-lineage differentiation and unlimited self-renewal, thus holding great promise in regenerative medicine
and basic research [1,2]. iPSCs are typically generated by transient and forced expression of a set of exogenous
reprogramming factors which are eventually lost or silenced, allowing for pluripotency to be maintained solely
by the endogenous pluripotency gene circuitry [3,4]. Canonical reprogramming factors used for the generation of
iPSCs include OCT4 in variable combinations with SOX2, KLF4, MYC and LIN28, which are used often with
P53 inhibitors [4–7]. Furthermore, the use of miRNAs can enhance reprogramming into iPSCs [8–10].

Direct transcriptional activation of endogenous genes has been achieved using clustered regularly interspaced
short palindromic repeats (CRISPR) guide RNAs (gRNAs) and deactivated Cas9 nucleases (dCas9) fused to
transcription activation domains (e.g. VP64) [11,12]. Several CRISPR activation (CRISPRa) systems demonstrated
variable activation capacities that were impacted by the targeted loci, cell type and species [11]. Initial attempts to
use dCas9-VP64 resulted in low to moderate transcriptional activation and required the use of multiple gRNAs
per locus [12]. CRISPRa was enhanced through the use of chimeric transcription activation domains [13], synergistic
activation mediator (SAM) [14] and the SunTag system [15]. The SunTag system, which relies on dCas9 fused
with a tandem array of SunTag peptides that recruit up to ten VP64 proteins, has been shown to be effective in
transcriptional activation [15,16].

Compared with the over-expression of exogenous reprogramming factors, direct and specific transcriptional
activation of the promoters and enhancers of endogenous pluripotency genes using CRISPRa may lead to a
reprogramming process of higher fidelity and iPSCs of higher quality [17]. Early attempts to generate iPSCs using
CRISPRa were unsuccessful. Activating endogenous reprogramming genes OCT4, SOX2, KLF4, MYC and LIN28
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using as many as 13 gRNAs and either dCas9-VP64 or the SAM system failed to reprogram human fibroblasts
into iPSCs, likely due to insufficient activation of some of the targeted genes [18]. Using dCas9-VP192 (containing
three VP64 copies) to activate OCT4, SOX2 and LIN28 also failed to generate iPSCs from human fibroblasts,
owing to the complexity associated with the process [19]. However, the use of the same dCas9-VP192 CRISPRa
system to target five reprograming genes and an Alu-motif enriched in promoters of genes expressed during embryo
genome activation (EEA motif ) when combined with P53 knockdown by shRNA led to a successful generation
of human iPSCs [20]. An improved CRISPRa method for the generation of human iPSCs by the same group was
later described and relied on the use of 15 gRNAs targeting six loci as well as miRNAs targeting the miR-302/367
cluster [17].

In this study, we report the generation of iPSCs from human fibroblasts solely using the CRISPRa SunTag system
combined with a unique combination of small molecule inhibitors to facilitate and maintain the reprogramming
process, CRISPRa-SM. Unlike previous strategies, CRISPRa-SM did not require exogenous reprogramming gene
expression nor shRNAs/miRNAs. This was made possible by the addition of small molecule inhibitors of signaling
pathways involved in the enhancement of cellular reprogramming, the maintenance of naive pluripotency and
survival of iPSCs [21,22]. Using our previously described naive iPSC generation platform [21–23], clonal CRISPRa-
SM iPSC lines were derived and showed to express canonical and naive iPSC markers and clustered with iPSCs
generated using conventional reprogramming methods. The CRISPRa-SM iPSC lines maintained genomic stability
and high pluripotent potential as determined by the stringent teratoma assay. Our findings highlight the potential
of CRISPRa-SM to facilitate the generation of iPSCs in a manner that does not require forced expression of various
transgenes.

Materials & methods
Cell culture
Human neonatal fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum (FBS), 1% GlutaGro, 1% non-essential amino acids (NEAA), and 1% penicillin/streptomycin. iPSCs were
cultured in iPSC medium as described previously [21,22] containing small molecules Thiazovivin (5 μM, Ryss Labs),
CHIR99021 (1 μM, Abcam), and PD0325901 (5 μM, Abcam). Fibroblasts and iPSC cultures were dissociated
using Accutase. Fibroblasts were maintained in incubators set at 5% CO2 at 37 ◦C and iPSCs were maintained
under the same conditions and hypoxic O2 levels (<10%).

Plasmid design & construction
The components of the CRISPRa system have been described previously [16]. To create the lentivi-
ral vector expressing the human gRNAs, a vector was constructed using synthesized gBlocks con-
taining the human U6 promoter. The specific sgRNA, and appropriate homologous sequences for
NEBuilder assembly into pSLQ1373-sgRNA-BFP were digested with XbaI and BamHI. Each gBlock
contains a 5′ assembly linker (CAGTTTGGTTAGTACCGGGCCCGCTCTAGA), the hU6 pro-
moter (GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGA-
GATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAAC
TTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC), an initiating G
nucleotide, the specific gRNA sequence, and the modified stem loop sequence of the sgRNA with a 3′ linker to
the BamHI site (GTTTAAGAGCTAAGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTAT-
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTCGAGTACTAGGATCCATTAGGCGGCC
GCGTGGATAACCGTA). Specific gRNA sequences are listed in Supplementary Table 1.

Lentiviral production & transduction
HEK293T cells were transfected with second generation lentiviral packaging plasmids using Lipofectamine 3000
transfection reagent in HEK293 growth medium (DMEM with 10% FBS). The medium was changed 16 h post-
transfection, and viral supernatant was collected 2 and 3 days later. The supernatant was passed through a 0.45 μM
filter and centrifuged at 20,000× g for 1.5 h at 4 ◦C. The concentrated virus was resuspended in DMEM and
stored at -80 ◦C. All viruses were packaged independently, titrated and combined upon transduction. Lentiviral
transduction of fibroblasts was performed in fibroblast medium supplemented with 4 μg/ml polybrene and 10 mM
HEPES. Following the addition of lentivirus, cells were centrifuged for 90 min at 600× g and then incubated for
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an additional 4–6 h at 37 ◦C, after which the transduction medium containing lentivirus was replaced with fresh
fibroblast medium.

Fibroblast reprogramming & clonal iPSC generation
Before initiating reprogramming, human neonatal fibroblast cells (FTC0007) were transduced as described above
with three lentiviruses: Tre3G, TetOn-dCas9-10XGCN4-P2A-mCherry and ScFV-GCN4-VP64-GFP. Transduced
cells were treated with 1 μg/ml doxycycline for 24 h and were sorted in bulk using fluorescence-activated cell
sorting (FACS) for expression of GFP (VP64) and mCherry (dCas9). Sorted fibroblast cells were again transduced
with lentiviruses expressing indicated gRNAs. To initiate reprogramming, fibroblast medium supplemented with
1 μg/ml doxycycline was added to induce dCas9 expression. After 1 week, doxycycline treatment was discontinued,
and the cells were passaged using Accutase and were seeded onto 0.1% gelatin-coated six-well plates in indicated
reprogramming media with or without small molecules PD0325901 (0.4 μM, Abcam), CHIR99021 (1 μM,
Abcam), thiazovivin (5 μM, Ryss Labs) and SB431542 (2 μM, Abcam). On week 2, cells were passaged and seeded
onto Matrigel-coated six-well plates in iPSC media with or without small molecules PD0325901, CHIR99021 and
Thiazovivin. iPSC medium is no longer supplemented with SB431542 at this stage. iPSC colonies were ready to
sort by FACS on week 3.

Flow cytometry & single cell sorting
To clone reprogrammed cells by FACS, the culture was dissociated and resuspended in FACS buffer (Hank’s
Balanced Salt Solution (HBSS) with 2% FBS, 10 mM HEPES and 1% penicillin/streptomycin). Antibodies were
added to the cell suspension and were incubated for 30 min at 4 ◦C. The stained cells were rinsed and resuspended
in FACS buffer for sorting using the BD FACS Aria II. The following antibodies were used at 1:20: TRA-1-81
APC-conjugated TRA-1-81 (BD Biosciences Pharmingen), BUV-395-conjugated SSEA-4 (BD Biosciences), and
PE-conjugated CD30 (BD Biosciences). For flow cytometric analysis, cells were run on the BD LSRFortessa flow
cytometer and analyzed using the FlowJo software.

Alkaline phosphatase staining
Alkaline phosphatase staining was performed according to the manufacturer’s protocol using the Leukocyte Alkaline
Phosphatase Kit (Sigma-Aldrich). Briefly, reprogrammed cultures were fixed with 4% paraformaldehyde (PFA) for
30 s, rinsed and stained with the alkaline dye mixture, and then were incubated in the dark for 15 min. Stained
cells were rinsed with DPBS and imaged.

Immunofluorescence staining
Reprogrammed cultures were rinsed once with DPBS and fixed in 4% PFA in DPBS for 15 min at room temperature.
Fixed cells were then permeabilized with 0.15% Triton-X-100 in DPBS for 30 min and blocked using 1% bovine
serum albumin (BSA) for another 30 min at room temperature. Cells were stained with antibodies diluted in
1% BSA as follows: anti-OCT4 at 1:200 (SC-9081, Santa Cruz Biotechnology), anti-NANOG at 1:20 (AF1997,
R&D Systems), anti-SSEA-4 at 1:100 (MAB4304; Millipore), anti-TRA-1-81 at 1:100 (MAB4381 Millipore),
Alexa Fluor 488 donkey anti-mouse at 1:250 (A21202; Invitrogen), Alexa Fluor 555 donkey anti-rabbit, at 1:250
(A31572; Invitrogen), and Alexa Fluor 555 donkey anti-goat at 1:250 (A21432; Invitrogen). Immunofluorescence
imaging was performed using a Zeiss Axio Observer inverted microscope and AxioVision SE64 imaging software
v4.9.1 (Carl Zeiss).

G-banded karyotype analysis
G-banded karyotype analysis of metaphase iPSCs was performed by the WiCell Research Institute.

Directed in vitro tri-lineage differentiation
Directed differentiation of iPSCs into cells of the three germ layers was performed as monolayer cultures using the
STEMdiff Tri-lineage Differentiation Kit according to the vendor’s protocols (STEMCELL Technologies). Briefly,
iPSCs were seeded in iPSC medium at densities specific for each lineage protocol in six-well plates. On day one,
iPSC medium was switched to lineage-specific media and changed daily for 7 days (endodermal- and mesodermal-
specific protocols) or 9 days (ectodermal protocol) before the cells were harvested for analysis. Differentiation was
evaluated by RNA-Seq as described below.
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Teratoma assay
All study procedures were performed under local approved animal care and user guidelines. iPSCs were dissociated
and resuspended in 100 μl cold Matrigel diluted at 1:1 in DMEM/F-12. Cell-Matrigel suspension was injected
subcutaneously into each hind leg of NOD-SCID IL-2Rγ mice (the Jackson Laboratory) at a concentration of
either 5 × 105 or 2 × 106 cells per injection. Mice were assessed weekly for physical evidence of teratoma formation
at the site of injection. Mice were euthanized and teratomas were harvested for histological analysis when teratomas
measured approximately 1 cm3 (8–10 weeks post injection). Harvested teratomas were fixed in 4% PFA and
sectioned at four microns per section. Two sections were mounted per slide and stained with hematoxylin and eosin
and were subsequently analyzed by a certified pathologist (Crown Bioscience).

Gene expression analysis by RT-PCR
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen). Quantitative PCR was performed using TaqMan
RNA-to-CT 1-Step Kit (Applied Biosystems) and was analyzed on a StepOnePlus qPCR System and QuantStudio
3 qPCR System (Applied Biosystems). Results were normalized to GAPDH, HPRT1 and ribosomal protein S23
reference genes. Relative gene expression was quantified using a 2∧delta delta Ct method. Probe sets used are listed
in Supplementary Table 2.

Gene expression analysis by RNA-Seq
Total RNA was isolated as above and was quality measured by the Agilent High Sensitivity RNA ScreenTape
(Agilent) on the Agilent 4200 TapeStation System (Agilent). RNA quantity was measured by using the NanoDrop
8000 Spectrophotometer (Thermo Fisher Scientific). 200 ng of total RNA was used per sample to generate the
mRNA library using KAPA mRNA HyperPrep Kit (Roche) following the manufacturer’s protocol. Poly(A) RNA
was captured with magnetic oligo-dT beads to produce mRNA material fragmented to 200–300 bp in the presence
of Mg2+ by incubating at 94 ◦C for 6 min. First strand synthesis was performed by synthesizing 1st strand cDNA
with random primers incubated for 10 min at 25 ◦C, 15 min at 42 ◦C and 15 min at 70 ◦C. Second Strand
Synthesis and A-tailing was performed by incubating samples for 30 min at 16 ◦C and 10 min at 62 ◦C. Adaptor
Ligation was performed by ligating 3′-dTMP adapters to 3′-dAMP library fragments and incubating for 15 min
at 20 ◦C. Two bead-based cleanups were performed at 0.63X and 0.7X volumes respectively. Final library was
constructed by PCR amplification with the adapter ligated template incubated for 45 s at 98 ◦C; 15 cycles of
15 s at 98 ◦C, 30 s at 60 ◦C, 30 s at 72 ◦C; and 1 min at 72 ◦C. A 1X volume bead-based PCR cleanup was
then performed to produce final library. Final libraries were quantified by using the Qubit dsDNA HS Assay kit
(Invitrogen) on the Qubit™ Flex Fluorometer (Invitrogen). Library quality and size were measured using a high
sensitivity D1000 ScreenTape (Agilent) on the Agilent 4200 TapeStation System (Agilent). Libraries were diluted
to 4 nM and pooled evenly for high-throughput sequencing. Sequencing was performed on Illumina NextSeq 500
Instrument (Illumina) with 2 × 76 pair-end reads targeting a minimum of 10 million pair-end reads per sample.
Raw sequencing data from Illumina’s NextSeq 500/550 platform was converted to FASTQ format using bcl2fastq
(Illumina). FASTQ files were prepared for alignment using TrimGalore. Salmon selective-alignment algorithm
was used to generate per-gene count data from FASTQ files using the Hg38 reference genome. The DEseq2
package was used to perform differential gene expression analysis and variance stabilization transformation (VST).
Variance-stabilized gene expression data were analyzed via hierarchical clustering and principal component analysis
in R using the base package ‘stats’.

Statistical data analysis
Statistical analysis was performed using StepOne Software v2.3 and QuantStudio Design and Analysis Software
v1.4.1 (Applied Biosystems) and GraphPad Prism 8 statistical software. Statistical significance was defined at
p < 0.05.

Results
CRISPRa successfully reprograms human fibroblasts into iPSCs in a process that can be enhanced by
small molecules
Previous attempts to reprogram human fibroblasts into iPSCs by CRISPRa pointed toward the need to target
larger sets of reprogramming genes, the use of more potent CRISPRa systems and/or multiple gRNAs per target,
and the need to combine CRISPRa with miRNA or P53 knockdown (Figure 1A). We previously used the
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Figure 1. CRISPRa successfully reprograms human fibroblasts into iPSCs in a process that can be enhanced by small
molecules. (A) Depictions of previous attempts aiming to reprogram human fibroblasts into iPSCs using CRISPRa. O,
OCT4; S, SOX2; M, MYC; L, LIN28; N, NANOG; K, KLF4; E, EEA motif. (B) RT-qPCR expression analysis of indicated
pluripotency genes on days 0, 10 and 21 post-induction. Bars represent the mean and standard error of the mean. (C)
Representative phase images (top left) and alkaline phosphatase staining (bottom left) of iPSC colonies emerging
6 days post-induction. Scale bars are 400 μm. Number of AP positive colonies (right) emerging using reprogramming
medium with and without small molecules (SM) at 6 days post-induction (n = 3). (D) Expression analysis of
pluripotency surface marker TRA-1-81 by flow cytometry in reprogramming cultures in iPSC media with and without
small molecules (SMs) 6 days post-induction. (E) Phase contrast and immunofluorescence staining of iPSC colonies for
pluripotency markers OCT4, SSEA-4, NANOG and TRA-1-81 28 days post-induction. Scale bars are 400 μm.
*p < 0.05.
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SunTag CRISPRa system to reprogram mouse fibroblasts to iPSCs with high efficiency [16]. To evaluate if the
same SunTag system could be used to reprogram human fibroblasts, we targeted the same loci (Figure 1A &
Supplementary Table 1) that led to the successful generation of human iPSCs by CRISPRa when combined with
P53 knockdown [20]. However, to better elucidate the ability of CRISPRa alone in mediating reprogramming, we
evaluated the generation of iPSCs by only using CRISPRa without P53 inhibitors or miRNAs and to avoid the
derivation of genomically unstable iPSC lines. All loci were targeted using one gRNA per target except for OCT4,
which was targeted with two gRNAs (a total of eight gRNAs to activate seven targets), as OCT4 has been shown
to be critical during the cellular reprogramming process (Supplementary Table 1). We first verified the ability of
each individual gRNA to activate the corresponding target gene. We observed marked transcriptional activation
of OCT4, SOX2, NANOG and LIN28 upon delivery of the corresponding individual gRNA (Supplementary
Figure 1). The activation of MYC and KLF4 was less evident as these genes are expressed in human fibroblasts and
transcriptional activation may be masked by the non-reprogrammed cells. The combination of all the gRNAs led
to a more robust activation of the targeted genes (Figure 1B), resulting in the formation of iPSC colonies which
expressed the iPSC markers alkaline phosphatase and TRA-1-81 (Figure 1C & D). However, the number of iPSC
colonies obtained was insufficient to support any screening application that requires clone selection and the derived
colonies appeared to have morphology consisting of mixed composition of various cell types owing to the potential
incomplete reprogramming process experience by cells in the colony. To enhance the efficiency of reprogramming
and support complete reprogramming process, we evaluated the addition of small molecules known to enhance
the efficiency of conventional reprogramming methods and to skew reprogramming toward naive/ground-state
pluripotency [21,22,24] to the CRISPRa system (CRISPRa-SM). Reprogramming in the presence of the inhibitors
of GSK3β (CHIR99021), MEK/ERK (PD0325901), TGF-β (SB431542) and Rho kinase (Thiazovivin) led to a
more than tenfold increase in reprogramming efficiency (Figure 1C & D). The obtained CRISPRa-SM colonies
exhibited typical and uniform iPSC morphology and expressed iPSCs markers (Figure 1D & E).

CRISPRa-SM iPSC clonal lines exhibit naive pluripotency & maintain genomic stability
To determine the genes required for a successful CRISPRa-SM mediated reprogramming and reduce the requirement
and complexity of multiple-loci targeting, one gRNA was dropped at a time (Figure 2A). No iPSC colonies were
observed when individual gRNAs for OCT4, SOX2, LIN28, NANOG and MYC were excluded, indicating that
the activation of these genes is required. The requirement for the MYC gRNA is intriguing given that we did not
observe significant activation of MYC above overall RNA expression levels (Supplementary Figure 1). It is possible
that we missed the timing for detection of MYC activation by CRISPRa or activation level was hard to discern since
human fibroblasts also express MYC at basic levels. IPSC colonies were observed when the individual KLF4 and
EEA-motif gRNAs were excluded albeit at markedly lower levels (96 and 97% reduction in SSEA4, TRA-1-81,
CD30-expressing iPSCs, respectively, Figure 2B). To generate clonal CRISPRa iPSC lines, we utilized our naive
iPSC generation platform for enhanced reprogramming, and iPSC cloning and expansion (Figure 2A) [21–23].
First, fibroblast cells enriched for Dox-inducible dCas9 were transduced with lentiviruses expressing gRNAs (all
or without KLF4/EEA gRNA) and blue fluorescent protein (BFP). Seven days post induction, the reprogrammed
cultures were expanded without Dox. To isolate and clone the successfully reprogrammed cells, the iPSCs were
sorted at a clonal density into 96-well plates using the previously defined iPSC markers: SSEA4, TRA-1-81 and
CD30 (Figure 2 & Supplementary Figure 2) [23]. Individual iPSC colonies derived from single cells were expanded
in our small molecule-supplemented naive iPSC medium under feeder-free conditions and cryopreserved for further
characterization.

Cryopreserved CRISPRa-SM iPSCs lines recovered well post-thaw and exhibited a homogenous and stable
expression of iPSC surface markers as well as the pluripotency master regulators NANOG and OCT4 (Figure 3A
& B). As expected, dCas9 was not expressed in the iPSC lines (expanded in absence of Dox) indicating that
pluripotency is no longer dependent on CRISPRa (Supplementary Figure 3). The CRISPRa-SM iPSC lines
maintained a normal karyotype after extended culture, demonstrating genomic stability (Figure 3C). To compare
iPSCs generated using CRISPRa and other conventional reprogramming methods, we evaluated the global gene
expression by RNA-Seq. CRISPRa-generated naive iPSC lines clustered together in the principal component
analysis with other naive iPSC lines generated using episomal plasmids, Sendai viruses, or transient plasmids
(Figure 3D). All iPSC lines clustered separately from the parental fibroblast cells, and naive iPSC lines clustered
separately from the iPSC control line cultured in primed iPSC medium. Like naive iPSC lines generated using other
methods, the CRISPRa-SM naive iPSC lines expressed naive and canonical pluripotency genes (Figure 3E). Overall,
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Figure 2. Generation of feeder-free single cell-derived naive-like CRISPRa iPSC lines. (A) Schematic representation of reprogramming
platform combining the SunTag CRISPRa system, optimized stage-specific naive iPSC media, and single-cell sorting by FACS. (B) Flow
cytometry analyses of three reprogrammed cultures selected for single-cell cloning by sorting. Other conditions were not sorted as iPSC
markers were not detected.

the CRISPRa-SM iPSC lines including those generated without activating the endogenous KLF4 or genes with
regulatory sequences enriched with the EEA-motif maintained typical iPSC morphology, global gene expression,
naive pluripotency state and genomic stability.

CRISPRa-SM iPSC lines have a similar pluripotent potential to that of conventional iPSCs
To evaluate their pluripotent potential, the tri-lineage differentiation capacity of CRISPRa-SM iPSC lines was
tested using three directed differentiation protocols. Following differentiation of CRISRPa iPSC lines to endoderm,
mesoderm and ectoderm lineages, differentiated cultures were evaluated by RNA-seq analysis. All the CRISPRa
iPSC lines including those generated without using the KLF4 or EEA-motif gRNAs exhibited robust tri-lineage
differentiation as evident by the expression of lineage markers specific to the corresponding differentiation protocol
(Figure 4A). No marked differences were observed in the tri-lineage differentiation potential of the CRISPRa-
SM iPSC lines compared with iPSCs generated by the conventional plasmid-based reprogramming method.
The pluripotency of the CRISPRa iPSC lines was further evaluated using the in vivo teratoma assay, the most
stringent pluripotency test applicable to human PSCs. CRISPRa-SM iPSC lines were subcutaneously injected
into immunocompromised NSG mice. The developed teratomas were collected 8–10 weeks post-injection for
histological analysis. All the CRISPRa-SM iPSC lines tested generated with or without the use of the KLF4 or
the EEA-motif gRNAs showed robust tri-lineage differentiation as evident from the observed mature endodermal,
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Figure 3. CRISPRa-SM iPSC clonal lines exhibit naive pluripotency and maintain genomic stability. (A) Flow
cytometric analysis of CRISPRa iPSC clones for pluripotency surface markers SSEA-4, TRA-1-81 and CD30. Control iPSCs
were generated using plasmid-based reprogramming methods. (B) Immunofluorescence staining for pluripotency
markers NANOG, SSEA-4, OCT4, and TRA-1-81. Scale bars are 100 μm. (C) G-banded karyotype analysis of
CRISPRa-derived iPSC clones. (D & E) Gene expression analysis by RNA-seq. Principal component analysis of parental
fibroblasts and derived iPSC lines generated using various reprogramming methods (CRISPRa, episomal vectors (Epi),
Sendai viruses (SVs) and transient plasmid-based (TP). (D) Heat map depicting expression of naive (bracket), primed
(starred) and shared pluripotency genes in parental fibroblasts and derived iPSC lines generated using indicated
reprogramming methods. (E) All iPSC lines were generated in naive iPSC medium except for the indicated control iPSC
line which was maintained in primed iPSC medium (E8 medium, Prim).
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Figure 4. CRISPRa-SM iPSC lines have a similar pluripotent potential to that of conventional iPSCs. (A) In vitro
tri-lineage differentiation of CRISPRa-generated and plasmid-generated (control) iPSC lines analyzed by RNA-seq
show successful differentiation into the three germ layers. (B–J) Histological analysis of tissue sections of CRISPRa
iPSC-derived teratomas harvested at 6–8 weeks; hematoxylin and eosin staining. Representative endodermal,
mesodermal and ectodermal tissues present in excised and sectioned teratoma. (B) Columnar epithelium. (C) skeletal
muscle. (D) Neuroepithelium. (E) Ductal structure; columnar epithelium. (F) Cartilage. (G) Neuroepithelium. (H)
Gastroinstestinal mucus-secreting columnar epithelium. (I) Cartilage. (J) Neural tissue. Scale bars are 100 μm.

mesodermal and ectodermal structures (Figure 4B–J). These results confirm that the SunTag-based CRISPRa-SM
is capable of reprogramming human fibroblasts into iPSCs with robust pluripotent potential that is equivalent to
that of iPSCs generated by conventional methods which most commonly include forced transgene expression.

Discussion
We previously generated iPSCs from murine fibroblasts using the SunTag CRISPRa system [16]. In this study,
we used the SunTag system to activate the endogenous expression of reprogramming genes and generated iPSCs
from human fibroblasts. However, the generation of human iPSCs required the simultaneous activation of multiple
reprogramming genes, displayed a low efficiency of cellular reprogramming with the few colonies derived consisting
of a heterogenous population of various cellular morphologies, indicating higher epigenetic barriers that must be
overcome for successful human iPSC generation. Reprogramming of human fibroblasts into iPSCs required the
activation of at least OCT4, SOX2, MYC, LIN28, NANOG and KLF4. Activating KLF4 can be replaced with
the activation of the EEA-motif enriched in the promoters of genes expressed during embryo genome activation,
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consistent with previous reports [17,20]. There were no marked differences between the CRISPRa iPSC lines
generated with or without using the KLF4 or EEA-motif gRNAs. The iPSC generation by the CRISPRa system was
markedly improved by the addition of small molecule inhibitors of relevant developmental signaling pathways [16].
Stage-specific application of small molecules allowed for the seamless generation of iPSC lines from single cells
with efficiency that is similar to that observed with other reprogramming methods [21,23]. The application of
CRISPRa-SM, consisting of small molecule inhibitors of GSK3β, MEK/ERK, and Rho kinase in combination
with an optimized milieu of cytokines bias the generation of iPSCs toward naive/ground-state pluripotency [22].
Accordingly, the CRISPRa-SM iPSCs expressed naive iPSC markers and showed related high-quality attributes
such as high clonogenicity, stability after single cell and feeder-free passage, and robust differentiation potential.

CRISPRa was required only transiently for the generation of iPSCs, and the reprogrammed culture was stable
following the removal of Dox. The generated iPSC lines maintained a stable pluripotency without Dox and showed
independence from continuous modulation by CRISPRa. The iPSC lines maintained homogeneous and stable
expression of iPSC markers as well as genomic stability after extended culture. The CRISPRa-SM iPSC lines were
indistinguishable in morphology, phenotype or global gene expression from iPSC lines generated using conventional
reprogramming methods. All CRISPRa-SM iPSC lines showed robust tri-lineage specification and differentiation
in vitro and using the teratoma murine model indicating that CRISPRa led to bona fide reprogramming of human
fibroblasts into iPSCs.

Human iPSCs have been generated previously using CRISPRa activation, but this required the use of P53
knockdown by shRNA and/or miR-302/367 miRNA cluster [17,20]. Activation of endogenous reprogramming
also required the use of multiple gRNAs per targeted locus, perhaps due to the use of a simpler CRISPRa system
(dCas9-VP192). Surprisingly, the dCas9-VP192 was more effective in activating OCT4 than the more complex
trimethoprim stabilized dCas9-VP192 fused with P65-HSF1 activator domain under a Dox-inducible promoter [20].
In this study, we show that using the SunTag system alone with a minimal number of gRNAs was sufficient in
reprogramming human fibroblasts into iPSCs.

Conclusion
Overall, we show that the CRISPRa-SM system alone led to the successful reprogramming of human fibroblasts
into iPSCs with reduced dependency on multiplexed activation of multiple human loci, eliminated the need for
P53 modulation that promotes genomic instability and the reduction for the need of oncogene activation, namely
KLF4, while producing high quality iPSCs for various therapeutic applications.

Summary points

• Human iPSCs are conventionally derived through transient expression of exogenous reprogramming factors.
• We previously generated iPSCs from murine fibroblasts using SunTag-based CRISPRa method.
• With a minimal number of human-specific guide RNAs targeting a limited set of loci, combining CRISPRa with a

unique cocktail of small molecules (CRISPRa-SM), bona fide iPSC colonies were successfully derived from human
fibroblasts.

• iPSC clones expressed general and naive iPSC markers and clustered with high-quality iPSCs generated using
conventional reprogramming methods.

• The CRISPRa-SM iPSCs displayed genomic stability and robust pluripotent potential as assessed by in vitro
tri-lineage differentiation and in vivo teratoma assays.

• The CRISPRa-SM system generated human iPSCs by direct and multiplexed loci activation facilitating a unique and
potentially safer cellular reprogramming process to aid potential applications in cellular therapy and
regenerative medicine.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/

suppl/10.2144/fsoa-2023-0257

Author contributions

Conceptualization and design, B Valamehr, R Abujarour and S Ding; acquisition, analysis, or interpretation of data, R Abujarour,

B Valamehr, S Ding, J Dinella, M Pribadi, LK Fong, M Denholtz, A Gutierrez, M Haynes and TT Lee; drafting of the manuscript, R

Abujarour and B Valamehr; review and editing of the manuscript, R Abujarour, B Valamehr, M Pribadi, LK Fong, M Denholtz, E

Mahmood, TT Lee and S Ding; supervision, B Valamehr and R Abujarour.

10.2144/fsoa-2023-0257 Future Sci. OA (2024) FSO964

https://www.futuremedicine.com/doi/suppl/10.2144/fsoa-2023-0257


Human reprogramming by CRISPRa Short Communication

Financial disclosure

Funding for this study was provided by Fate Therapeutics, Inc. The authors have no other relevant affiliations or financial involve-

ment with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed

in the manuscript apart from those disclosed.

Competing interests disclosure

R Abujarour, B Valamehr, M Pribadi, LK Fong, M Denholtz, A Gutierrez, M Haynes, TT Lee, are employees and shareholders of Fate

Therapeutics, Inc. S Ding is a founder of Fate Therapeutics, Inc. S Ding has a patent related to this work and is licensed to Fate

Therapeutics, Inc. The authors have no other competing interests or relevant affiliations with any organization or entity with the

subject matter or materials discussed in the manuscript apart from those disclosed.

Writing disclosure

No writing assistance was utilized in the production of this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate institutional review board approval or have followed the principles outlined

in the Declaration of Helsinki for all human or animal experimental investigations.

Open access

This work is licensed under the Creative Commons Attribution 4.0 License. To view a copy of this license, visit http://creativecomm

ons.org/licenses/by/4.0/

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1. Tang S, Xie M, Cao N, Ding S. Patient-specific induced pluripotent stem cells for disease modeling and phenotypic drug discovery. J.
Medicinal Chem. 59(1), 2–15 (2016).

2. Saetersmoen ML, Hammer Q, Valamehr B, Kaufman DS, Malmberg K-J. Off-the-shelf cell therapy with induced pluripotent stem
cell-derived natural killer cells. Semin. Immunopathol. 41(1), 59–68 (2019).

3. Buganim Y, Faddah DA, Cheng AW et al. Single-cell expression analyses during cellular reprogramming reveal an early stochastic and a
late hierarchic phase. Cell 150(6), 1209–1222 (2012).

4. Takahashi K, Tanabe K, Ohnuki M et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
131(5), 861–872 (2007).

5. Okita K, Yamakawa T, Matsumura Y et al. An efficient nonviral method to generate integration-free human-induced pluripotent stem
cells from cord blood and peripheral blood cells. Stem Cells 31(3), 458–466 (2013).

6. Yu J, Vodyanik MA, Smuga-Otto K et al. Induced pluripotent stem cell lines derived from human somatic cells. Science 318(5858),
1917–1920 (2007).

7. Menendez S, Camus S, Belmonte JCI. p53: guardian of reprogramming. Cell Cycle 9(19), 3887–3891 (2010).

8. Anokye-Danso F, Trivedi CM, Juhr D et al. Highly efficient miRNA-mediated reprogramming of mouse and human somatic cells to
pluripotency. Cell Stem Cell 8(4), 376–388 (2011).

9. Subramanyam D, Lamouille S, Judson RL et al. Multiple targets of miR-302 and miR-372 promote reprogramming of human
fibroblasts to induced pluripotent stem cells. Nat. Biotechnol. 29(5), 443–448 (2011).

10. Miyoshi N, Ishii H, Nagano H et al. Reprogramming of mouse and human cells to pluripotency using mature MicroRNAs. Cell Stem
Cell 8(6), 633–638 (2011).

11. Chavez A, Tuttle M, Pruitt BW et al. Comparison of Cas9 activators in multiple species. Nat. Methods 13(7), 563–567 (2016).

• Study compares different CRISPRa systems for the activation of multiple loci in different cell types.

12. Dominguez AA, Lim WA, Qi LS. Beyond editing: repurposing CRISPR–Cas9 for precision genome regulation and interrogation. Nat.
Rev. Mol. Cell Biol. 17(1), 5–15 (2016).

13. Chavez A, Scheiman J, Vora S et al. Highly efficient Cas9-mediated transcriptional programming. Nat. Methods 12(4), 326–328 (2015).

14. Konermann S, Brigham MD, Trevino AE et al. Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex.
Nature 517(7536), 583–588 (2015).

15. Tanenbaum ME, Gilbert LA, Qi LS, Weissman JS, Vale RD. A protein-tagging system for signal amplification in gene expression and
fluorescence imaging. Cell 159(3), 635–646 (2014).

• Describes the CRISPRa SunTag system.

10.2144/fsoa-2023-0257

http://creativecommons.org/licenses/by/4.0/


Short Communication Abujarour, Dinella, Pribadi et al.

16. Liu P, Chen M, Liu Y, Qi LS, Ding S. CRISPR-based chromatin remodeling of the endogenous Oct4 or Sox2 locus enables
reprogramming to pluripotency. Cell Stem Cell 22(2), 252–261.e4 (2018).

•• Reports for the first time the successful generation of iPSCs from murine fibroblasts using CRISPRa.

17. Sokka J, Yoshihara M, Kvist J et al. CRISPR activation enables high-fidelity reprogramming into human pluripotent stem cells. Stem Cell
Reports 17(2), 413–426 (2022).

•• Reports that iPSC generation by CRISPRa leads to less heterogeneity and higher quality compared to conventional
reprogramming methods based on forced expression of transcription factors.

18. Xiong K, Zhou Y, Blichfeld KA et al. RNA-guided activation of pluripotency genes in human fibroblasts. Cell. Reprogramming 19(3),
189–198 (2017).

19. Balboa D, Weltner J, Eurola S, Trokovic R, Wartiovaara K, Otonkoski T. Conditionally stabilized dCas9 activator for controlling gene
expression in human cell reprogramming and differentiation. Stem Cell Reports 5(3), 448–459 (2015).

20. Weltner J, Balboa D, Katayama S et al. Human pluripotent reprogramming with CRISPR activators. Nat. Commun. 9(1), 2643 (2018).

•• Reports for first time the successful generation of human iPSCs using CRISPRa.

21. Valamehr B, Abujarour R, Robinson M et al. A novel platform to enable the high-throughput derivation and characterization of
feeder-free human iPSCs. Sci. Rep-uk 2(1), 213 (2012).

• Reports improved reprogramming efficiency and streamlined iPSC generation process facilitated by the use of small molecule
inhibitors of developmental signaling pathways.

22. Valamehr B, Robinson M, Abujarour R et al. Platform for induction and maintenance of transgene-free hiPSCs resembling ground state
pluripotent stem cells. Stem Cell Rep 2(3), 366–381 (2014).

•• Use of stage-specific and small molecule supplemented reprogramming and iPSC maintenance media for efficient generation of
clonal naı̈ve iPSC lines.

23. Abujarour R, Valamehr B, Robinson M, Rezner B, Vranceanu F, Flynn P. Optimized surface markers for the prospective isolation of
high-quality hiPSCs using flow cytometry selection. Sci. Rep-uk 3(1), 1179 (2013).

•• Reports optimized method for single cell sorting of iPSCs using specific pluripotency markers.

24. Lin T, Ambasudhan R, Yuan X et al. A chemical platform for improved induction of human iPSCs. Nat. Methods 6(11), 805–808 (2009).

10.2144/fsoa-2023-0257 Future Sci. OA (2024) FSO964



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


