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SUMMARY
Conventional reprogramming methods rely on the ectopic expression of transcription factors to reprogram somatic cells into induced

pluripotent stem cells (iPSCs). The forced expression of transcription factors may lead to off-target gene activation and heterogeneous

reprogramming, resulting in the emergence of alternative cell types and aberrant iPSCs. Activation of endogenous pluripotency factors

byCRISPR activation (CRISPRa) can reduce this heterogeneity. Here, we describe a high-efficiency reprogramming of human somatic cells

into iPSCs using optimized CRISPRa. Efficient reprogramming was dependent on the additional targeting of the embryo genome activa-

tion-enriched Alu-motif and the miR-302/367 locus. Single-cell transcriptome analysis revealed that the optimized CRISPRa reprog-

rammed cells more directly and specifically into the pluripotent state when compared to the conventional reprogramming method.

These findings support the use of CRISPRa for high-quality pluripotent reprogramming of human cells.
INTRODUCTION

CRISPR activation (CRISPRa) uses a catalytically inacti-

vated form of Cas9 (dCas9) fused with a transactivator

domain that enables the activation of transcription from

endogenous promoters (Bikard et al., 2013). Advantages

of CRISPRa over conventional reprogramming (Fusaki

et al., 2009; Okita et al., 2011; Warren et al., 2010) include

the direct transcriptional activation from endogenous loci,

high multiplexing capability, and the potential to target

non-coding regulatory elements. We have recently shown

reprogramming of human fibroblasts by CRISPRa targeting

the promoters of OCT4 (POU5F1), SOX2, KLF4, MYC, and

LIN28A and an Alu-motif enriched near promoter regions

of genes expressed during embryo genome activation

(EEA motif [embryo genome activation-enriched Alu-

motif]) (Weltner et al., 2018). However, low reprogram-

ming efficiency hampers the use of CRISPRa. Several small

molecules and genes, including pluripotent stem cellmicro

RNAs (miRNA), can improve reprogramming efficiency

(Subramanyam et al., 2011). The miRNA cluster miR-302/
Stem Cell Re
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367 is expressed at high levels in human embryonic stem

cells (hESCs) (Houbaviy et al., 2003) and is known to be suf-

ficient to reprogram somatic cells to pluripotency (Anokye-

Danso et al., 2011; Miyoshi et al., 2011). Therefore, the tar-

geted activation of miR-302/367 expression with CRISPRa

could improve CRISPRa reprogramming efficiency.

As CRISPRa mediated reprogramming is a novel method

for inducing pluripotency, its reprogramming trajectories

are as yet unknown. Recent advances in single-cell RNA

sequencing (scRNA-seq) technology have facilitated our

understanding of reprogramming processes and revealed

the importance of the early embryonic programs for suc-

cessful reprogramming (Cacchiarelli et al., 2015; Frances-

coni et al., 2019; Liu et al., 2020; Schiebinger et al., 2019;

Tran et al., 2019). However, low efficiency and high back-

ground of non-reprogrammed cells can obscure the tran-

scriptional analysis of fibroblast CRISPRa reprogramming.

This problem could be overcome by using human lympho-

blastoid cell lines (LCLs), which are generated by Epstein-

Barr virus transformation of B lymphocytes (Neitzel,

1986). In vitro LCL cultures grow in suspension, while
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Figure 1. CRISPRa reprogramming of LCL
(A) Schematic representation of the LCL reprogramming protocol with bright-field images from different reprogramming stages. Attached
reprogramming intermediates at day 10 are encircled with yellow ticks. Scale bar, 400 mm.
(B) Reprogramming efficiency of LCL from 4 different donors (IB-D5, IB-D7, IB-D8, and IB-D9). The most efficient CRISPRa condition, E5,
averaged 38 colonies, while the conventional transgenic (TG) method averaged 176 colonies. Reprogramming conditions are indicated on
the x axis. n = 4; each point represents an independent assay from each of the 4 patient-derived LCLs. Error bars, SEMs. E, EEA, L, LIN28A, N,
NANOG, R, REX1; numbers refer to the number of guides. GFP-only containing plasmid was used as a negative reprogramming control.
(C) Validation of CRISPRa iPSC (n = 15 individual cell lines), with PCA showing the bulk RNA-seq data grouping with reference iPSC lines
(HipSci, GEO: GSE79636) and away from LCL (GEO: GSE121925) and fibroblast (E-MTAB-4652) cell lines. Samples are listed in Table S2.
(D) Further validation with PCA by comparing CRISPRa iPSC (n = 15 individual cell lines) and HipSci iPSC lines (n = 661 individual cell
lines).
(E) Immunocytochemistry of undifferentiated hESC markers NANOG and TRA-1-60 in CRISPRa iPSC line HEL207.4. Scale bar, 200 mm. See
also Figure S1B. Antibodies and primers used in the article are listed in Table S3.
(F) Normal karyotype of iPSC line HEL207.4. See also Figure S1D.
(G) Expression of selected hESC markers from 5 different CRISPRa-iPSC lines compared to the H1 hESC. n = 5; each replicate is from in-
dividual iPSC lines; error bars, SEMs.
(H) Multilineage differentiation of HEL207.4 cells shown by immunostaining for endodermal (SOX17), ectodermal (b-III-tubulin) and
mesodermal (smooth muscle actin, SMA) germ layer derivatives. Scale bar, 200 mm. See also Figure S1E.
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emerging stem cell colonies attach to the culture surface,

providing a simple means for the specific enrichment of

the cells undergoing reprogramming. Furthermore, vast

collections of LCLs are stored in biobank repositories,

providing a virtually unlimited source of reprogramming

material due to the immortal nature of these cells (Sie

et al., 2009).

In this study, we showed that simultaneous targeting of

the EEAmotif and the promoter of themiR-302/367 cluster

enhanced the reprogramming efficiency of fibroblasts and

LCL cells and accelerated the kinetics of induced pluripo-

tent stem cell (iPSC) formation. Using scRNA-seq analysis,

we profiled conventional and three combinations of

CRISPRa reprogramming across different time points. We

found that the cells reprogrammed using the CRISPRa

progress to the pluripotent state with high fidelity showing

a uniform expression of pluripotency genes and minimal

heterogeneity. This is in contrast to the conventional re-

programming, which leads to a longer reprogramming

route, often resulting in alternative cell types. These results

support the use of CRISPRa for improving the quality of hu-

man pluripotent reprogramming.
RESULTS

CRISPRa reprogramming of LCL

We began by validating the CRISPRa system for the reprog-

ramming of LCL. The attachment of reprogramming inter-

mediates to the culture plates was observed by reprogram-

ming day 10, after which unattached cells could be

removed (Figure 1A). To test for different factor combina-

tions, CRISPRa targeting NANOG, REX1 (ZFP42), LIN28A,

andEEAmotif in addition to the basal reprogramming factor

guides for OCT4, SOX2, KLF4, MYC, and LIN28A that were

efficient in fibroblast reprogramming (Weltner et al., 2018)

were used. The highest reprogramming efficiency was

observedwithadditionalEEAmotif targetingbyusingacom-

bination of five guides (hereafter referred to as CRISPRa + E)

(Figures 1B andS1A).Weopted tousemultiple EEAmotif tar-

geting guides for the rest of thework, overNANOG andREX1

targeting, to track reprogramming progress by endogenous

NANOG activation with immunocytochemistry.

We then confirmed the pluripotency of generated

CRISPRa iPSC lines. Principal-component analysis (PCA)

of bulk RNA-seq of 15 CRISPRa iPSC lines from 5 LCL and

2 fibroblast donors demonstrated that all CRISPRa iPSC

lines grouped with previously published iPSC lines gener-

ated from blood and fibroblast cells using conventional

methods (Carcamo-Orive et al., 2017; Kilpinen et al.,

2017) and distinct from LCL and fibroblasts (Kaisers

et al., 2017; Ozgyin et al., 2019) (Figure 1C). CRISPRa

iPSC lines were then compared more closely with a total
of 661 Human Induced Pluripotent Stem Cells Initiative

(HipSci) iPSC lines, which showed that our cell lines group-

ed closely together with the HipSci lines (Kilpinen et al.,

2017) (Figure 1D). Further characterization showed a

normal karyotype, expression of undifferentiated hESC

markers, differentiation into three embryonic germ layer

derivatives, and the loss of episomal reprogramming plas-

mids (Figures 1E–1H and S1B–S1E), supporting the notion

that the LCL had been reprogrammed into bona fide iPSC.

miR-302/367 promoter targeting improves CRISPRa

reprogramming efficiency

To improve the CRISPRa reprogramming efficiency, we tar-

geted the promoter of the miR-302/367 cluster home gene

MIR302CHG (Figures 2A and S2A). Multiple primary

fibroblast lines were transfected with the miR-302/367

targeting guides on top of CRISPRa + E (hereafter referred

to as CRISPRa + ME) along with the transgenic (TG) and

CRISPRa + E conditions. CRISPRa + ME significantly

increased the reprogramming efficiency and colony size

when compared to other reprogramming conditions (Fig-

ures 2B and S2B–S2D). CRISPRa + ME was the only reprog-

ramming condition that properly induced iPSC colonies

from an 83-year-old male-derived primary fibroblast line

M83 known for being difficult to reprogram (Trokovic

et al., 2015) (Figures 2B, S2C, and S2D). LCL reprogram-

ming with the dCas9 activator plasmid and miR-302/367

guides alone did not yield any colonies (Figure S2E), but

the targeting of miR-302/367 cluster on top of basal

CRISPRa (hereafter referred to as CRISPRa + M) increased

LCL reprogramming efficiency 6-fold (mean 169 alkaline

phosphatase-positive [AP+] colonies, n = 6 independent ex-

periments) compared to CRISPRa + E. Reprogramming effi-

ciency further increased up to 8-fold (mean 228 AP+ col-

onies, n = 6 independent experiments) with the

combined CRISPRa + ME condition (Figure 2C).

To define the time point for analyzing the reprogram-

ming with scRNA-seq, we characterized the attachment

and growth of the reprogramming intermediates. As

attached reprogramming intermediates could be seen on

day 10, the cells that were still in suspension at this stage

were re-plated. After 1 week none of the re-plated cells

had started to form iPSC-like colonies, suggesting that

most of the reprogramming cells had already attached by

day 10 (Figure S2F). Live cell imaging of the reprogramming

cell cultures from days 15–17 revealed significantly larger

colony sizes in CRISPRa + ME compared to the TG condi-

tion (Figure 2D) and increased cell numbers (Figures 2E

and S2G). Staining for hESC markers NANOG and TRA-1-

60 showed NANOG+ and TRA-1-60+ colonies emerging by

day 14 in the CRISPRa + E condition, while the CRISPRa +

ME condition presented NANOG+ and TRA-1-60+ colonies

already at day 13 (Figure 2F). This suggested accelerated
Stem Cell Reports j Vol. 17 j 413–426 j February 8, 2022 415
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Figure 2. miR-302/367 promoter targeting improves CRISPRa reprogramming efficiency
(A) Schematic representation of the CRISPRa activation of miR-302/367 cluster home gene (MIR302CHG). Red arrows show the locations of
the qPCR primers. Guides targeting the MIR302CHG are listed in Table S4.
(B) Reprogramming efficiency of primary fibroblasts using 3 separate donor lines, F57, F43, and M83, on days 10, 13, and 15. Re-
programming conditions are indicated on the x axis. n = 3; each point represents an independent assay in which cells were counted on
either day 10, 13, or 15, as indicated by the legend; error bars, SEMs; p values were calculated with repeated measures 1-way ANOVA post-
hoc Tukey’s test, *p < 0.05, **p < 0.01, ****p < 0.0001.
(C) Reprogramming efficiency of LCL. Reprogramming conditions are indicated on the x axis. n = 6 independent experiments; error bars,
SEMs; p values were calculated with 1-way ANOVA post-hoc Tukey’s test, *p < 0.05, **p < 0.01. Representative AP-stained culture plates
from each reprogramming condition are shown below. Scale bar, 1 cm.

(legend continued on next page)
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reprogramming kinetics of the miR-302/367 CRISPRa-tar-

geted cells and that day 15 would be an optimal time point

to explore the transcriptomic profiles of reprogramming in-

termediates by scRNA-seq analysis. Finally, to verify that

the CRISPRa + ME reprogramming in LCL was robust in

producing pluripotent cells, and not due to a single donor

effect, four additional LCL donor lines were reprogrammed

using CRISPRa + ME. All of the donor lines differentiated

properly into all three embryonic germ layer derivatives,

confirming the pluripotent nature of the cells (Figures 2G

and S2H).

scRNA-seq captures the progression of CRISPRa

reprogramming

To investigate changes in transcription at the single-cell

level, we prepared samples for scRNA-seq at various time

points of the reprogramming process. To mitigate the ef-

fects of genetic background, cells were collected from the

same donor reprogrammed using the TG and three

different CRISPRa (CRISPRa + E, + M, + ME) conditions at

reprogramming days 0 (starting LCL) and 15 (mid-reprog-

ramming cells), as well as from passage 1 and 10 iPSCs (Fig-

ure 3A). Characterization of the cell populations that arose

during reprogramming was performed by unsupervised

clustering analysis, which identified seven cell clusters (Fig-

ure 3B; Table S5). LCL confined into cluster 1, separate from

the other clusters. Notably, while the mid-reprogramming

cells from 3 CRISPRa conditions were located mostly in

cluster 2, the TG mid-reprogramming cells clustered sepa-

rately between clusters 4, 5, and 6. Passage 1 and 10 iPSCs

were found in clusters 6 and 7, with over half of the passage

10 iPSC localizing in cluster 7,marking it as the endpoint of

the reprogramming process (Figures 3C and 3D). Interest-

ingly, 14% of mid-reprogramming CRISPRa + ME cells

were in iPSC cluster 7, indicating that these cells may pro-

ceed toward the iPSC state faster than the other conditions

(Figures 3C and 3D).

We then integrated the scRNA-seq to bulk RNA-seq data

of published LCL (Ozgyin et al., 2019) and iPSC (Car-

camo-Orive et al., 2017; Kilpinen et al., 2017) datasets

and used PCA to visualize the relationship between clusters
(D) Measurement of average iPSC-like colony size at days 15 and 1
calculated with Student’s t test, *p < 0.05, **p < 0.01. Bright-field im
17 are shown below. Colony edges have been highlighted with white
(E) Growth rate of the iPSC-like cells in TG and CRISPRa + ME conditi
starting point. n = 6 independent experiments; error bars, SEMs. Signifi
0.4965, CRISPRa + ME = 0.8475) was calculated using GraphPad Prism’s
also Figure S2G.
(F) Immunocytochemistry images showing the hESC markers NANOG a
days 13–15. Scale bar, 400 mm.
(G) Multilineage differentiation of CRISPRa + ME reprogrammed HEL2
ectodermal (b-III-tubulin), and mesodermal (smooth muscle actin, S
(Figure S3A). As expected, cluster 1 grouped close to the

reference LCL, cluster 7 grouped closest to the reference

iPSC samples, while the mid-reprogramming clusters

grouped between the LCL and iPSC (Figure S3A). The cell

identity of cluster 1was further confirmed using the expres-

sion of well-known LCL markers ENTPD1, FCER2, CD70,

and LFA3 (Rajesh et al., 2011) (Figures 3E and S3B). These

markers were downregulated in mid-reprogramming and

iPSC clusters, consistent with previous reports (Rajesh

et al., 2011). The known reprogramming and hESCmarkers

L1TD1, OCT4, NANOG, SOX2, TDGF1, and REX1 were de-

tected in the mid-reprogramming and iPSC clusters and

were almost completely absent from the LCL cluster, as ex-

pected (Figures 3E and S3B).

However, a notable exception was that these hESC

markers were mostly absent in TG mid-reprogramming

cluster 4 (Figures 3E and S3B). The TGmid-reprogramming

cells with high hESC marker expression were instead

located in iPSC cluster 6 as well as in a small cluster, 5, con-

sisting almost solely of mid-reprogramming TG cells (Fig-

ures 3C–3E). To detect the presence of episomal vectors,

we used reads mapped to the transcribed elements in the

plasmid backbone (WPRE). Retention of the high expres-

sion of episomal vectors in the transgene mid-reprogram-

ming was observed while they were mostly absent from

the CRISPRa conditions (Figure 3F). To further distinguish

the pluripotency signature between samples, gene expres-

sion of 140 (Table S6) well-known hESC markers were

analyzed (Figure 3G). In particular, TG mid-reprogram-

ming displayed a bimodal expression of hESC markers

when compared to CRISPRa conditions (Figure 3G). This

indicated the presence of a heterogeneous mixture of

pluripotent-like and non-pluripotent cells in the TG re-

programming conditions. Trajectory analysis on cells

excluding LCL cluster 1 revealed that cells in the TG condi-

tion took an alternative trajectory early on, leading to mul-

tiple endpoints, while the CRISPRa + ME condition fol-

lowed a more direct route to the iPSC state (Figures 3H

and S4A). Further analysis of the TG mid-reprogramming

cells showed the loss of transgene expression along with

pseudotime progression and a bifurcation of the cells into
7. n = 6 independent experiments; error bars, SEMs; p value was
ages of iPSC-like colonies in TG and CRISPRa + ME conditions at day
tick marks. Scale bar, 400 mm.
ons from day 15 onward. Cell counts are normalized to the day 15
cance of the difference between the linear regression lines (R2 TG =
linear regression analysis equivalent to ANCOVA, ***p < 0.001. See

nd TRA-1-60 in CRISPRa + EEA and CRISPRa + ME reprogramming at

15.4 iPSC line shown by immunostaining for endodermal (SOX17),
MA) germ layer derivatives. Scale bar, 200 mm. See also Figure S2H.
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Figure 3. scRNA-seq captures the progression of CRISPRa reprogramming
(A) Schematic representation of the time-resolved scRNA-seq sample collection strategy.
(B) UMAP plot representing the 7 clusters across 32,758 cells from different reprogramming conditions and time points.
(C) Cell composition across the 7 clusters in each sample. Colors indicate each cluster as seen in (B). Individual cluster cell counts are listed
in Table S5.
(D) UMAPs showing the distributions of mid-reprogramming and passage 10 cells. Gray dots represent cells from other samples.

(legend continued on next page)
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OCT4+ (clusters 5–7) and OCT4� (cluster 4) populations

(Figures S4C and S4D), suggesting that loss of transgene

expression before endogenous pluripotency factor activa-

tionmay hinder proper reprogramming progression. These

results support the notion that CRISPRa + ME progress to

the iPSC state with improved fidelity and kinetics, while

TG cells are more dependent on their episomal vectors

and thus take a longer reprogramming route, resulting in

alternative endpoints.

miR-302/367 and EEA motif act synergistically to

promote pluripotency at the mid-reprogramming

stage

We then characterized the day 15 mid-reprogramming

samples in more detail. Cluster 2 contained a subpopula-

tion of cells with a high expression of the lymphocyte

marker CD52 (Hale et al., 1990), which consisted primarily

of CRISPRa + E cells (Figures 4A–4C). Cluster 2 cells located

closer to the iPSC clusters showed expression of the primed

hESC surfacemarkerCD90 (THY1) (Collier et al., 2017), but

still lacked the expression of another marker, EPCAM,

which is involved in the epithelialization process (Huang

et al., 2011). This suggests that these cells were intermedi-

ate reprogramming cells (Figures 4A, 4B, and S4H). By clus-

tering only the day 15 sample cells, distinct clusters for

naive and primed cells could be detected (Figures S4F and

S4I).

The mid-reprogramming samples appeared to cluster in

different parts of the UMAP plot with different CRISPRa re-

programming conditions (Figures 4C and S4G). Therefore,

the progression to the iPSC state was estimated by applying

a diffusion pseudotime analysis on all of the samples,

including LCL and iPSC (Figure S4B). Among the mid-re-

programming samples, CRISPRa + ME progressed to the

iPSC state faster compared to the other conditions, while

most of the CRISPRa + E remained stuck at the beginning

of reprogramming (Figures 4D and S4B). These results sug-

gest that the endogenous activation of miR-302/367 helps

to induce the cells out of the initial blood cell-like state.

To evaluate the gene expression changes between

different reprogramming conditions at themid-reprogram-

ming stage, the gene expression profile of CRISPRa + ME

was compared with the other three conditions (Figure 4E).

Higher expression of hESC genes such as LIN28A and

L1TD1 and the surface marker CD90 was observed in the
(E) Expression of LCL marker ENTPD1 and hESC marker OCT4. Colors in
(F) Violin plot showing the expression of the episomal vector (short
programming conditions and time points.
(G) Expression score of 140 selected hESC markers across the differen
(H) Pseudotime analysis showing the trajectory of the cells durin
programming conditions are indicated in the key.
See also Figure S4A.
CRISPRa + ME compared with CRISPRa + E. The miR-302/

367 cluster targeting influenced the expression of approxi-

mately three times more genes compared to the EEA target-

ing, including multiple pluripotency-associated genes (Fig-

ure 4E). Thus, the miR-302/367 targeting may help lower

the barrier for the activation of pluripotency-associated

genes.

We further investigated the rate of blood cells reprogram-

ming using the expression of genes characteristic for blood

cells, such as major histocompatibility complex (MHC)

class I human leukocyte antigens (HLA-A, HLA-B, and

HLA-C) and an associated gene B2M. These MHC class I-

associated genes are expressed in almost all nucleated cells

(Gussow et al., 1987; Ploegh et al., 1981), but their expres-

sion is notably higher in the blood cells (Boegel et al., 2018;

Mabbott et al., 2013; Papatheodorou et al., 2020; Thul

et al., 2017). The expression of these genes was reduced

in the CRISPRa +ME compared to all other mid-reprogram-

ming conditions (Figure 4E). Furthermore, when

comparing the expression levels of B2M and HLA-A to the

diffusion map pseudotime, their expression was rapidly

decreased in the CRISPRa + ME cells (Figures 4F and S4E).

These findings support the notion that the CRISPRa + ME

cells lose their initial blood cell-like identity and progress

faster toward the iPSC state.

The expression of epithelial cell specific genes KRT8,

KRT18 (Fuchs and Weber, 1994), and EPCAM were

increased in the CRISPRa + ME condition compared to

the CRISPRa +M (Figure 4E), suggesting that the EEAmotif

targeting may aid in epithelialization during reprogram-

ming, in addition to its reported role in aiding in pluripo-

tency factor activation (Weltner et al., 2018). This effect

may be of importance, especially in the later stages of re-

programming, as seen by the EPCAM expression between

CRISPRa + ME and CRISPRa + M (Figures 4A–4C). In sum-

mary, our results suggest that the miR-302/367 and EEA

motif targeting act synergistically by enhancing the pro-

gression of reprogramming from the initial blood cell state

and aiding epithelialization.

CRISPRa + ME cells progress to the pluripotent state

with improved fidelity

To assess the mid-reprogramming cell heterogeneity

observed by microscopy (Figure 5A), we calculated the cor-

relation coefficients of highly variable genes between all
dicate expression levels (blue, high; gray, low).
plasmid backbone sequence pCXLE-WPRE) across the different re-

t reprogramming conditions and time points.
g reprogramming, with cluster 1 excluded. Time points and re-
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Figure 4. miR-302/367 and EEA motif act synergistically to promote pluripotency at the mid-reprogramming stage
(A) Expression of blood cell marker CD52, intermediate reprogramming marker CD90, and epithelial marker EPCAM in all mid-re-
programming cells. Colors indicate expression levels (blue, high; gray, low).
(B) Violin plots showing the expression levels of CD52, CD90, and EPCAM across the different CRISPRa reprogramming conditions. See also
Figure S4H.
(C) UMAPs showing the distribution of mid-reprogramming CRISPRa + E, CRISPRa + M, and CRISPRa + ME cells. Gray dots represent cells
from other mid-reprogramming cell samples.
(D) Mid-reprogramming cells ordered by diffusion pseudotime. See also Figure S4B.
(E) Comparison of expression profiles between mid-reprogramming CRISPRa + ME and TG cells (top left), CRISPRa + ME and CRISPRa + E
(bottom left), and CRISPRa + ME and CRISPRa + M (bottom right). Log-scaled average expression levels of all cells in each condition are

(legend continued on next page)
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cells for each mid-reprogramming condition. CRISPRa +

ME had a higher correlation coefficient compared to all of

the other conditions, suggesting less heterogeneity among

the cells (Figure 5B). The distribution of OCT4 expression

level demonstrated a sharp single peak in CRISPRa + ME,

indicating that most of these cells showed similar expres-

sion levels of OCT4 (Figure 5C), whereas other conditions

showed broader or bimodal peaks, indicating varying

expression levels. To identify the cell populations at the

mid-reprogramming stage, cells were annotated against

the bulk RNA-seq data of the Human Primary Cell Atlas

(Mabbott et al., 2013) using SingleR (Aran et al., 2019) (Fig-

ure 5D). A total of 99% of CRISPRa + ME cells showed the

highest transcriptional similarity to hESC or iPSC, while

CRISPRa + E showed the highest heterogeneity, with

�60% of cells being annotated as blood cells. TG and

CRISPRa + M cells had similar heterogeneity profiles, with

�10% of cells annotated as blood cells and another 10%

as neuronal cells, indicating differentiation toward alterna-

tive cell types (Figure 5D). These results reinforced our find-

ings that the CRISPRa + ME condition reprogrammed the

cells toward the iPSC state with greatly improved fidelity.

Finally, to validate our findings from scRNA-seq, we

analyzed the mid-reprogramming cells with flow cytome-

try for the hESC surface marker TRA-1-60 (Pera et al.,

2000). The results showed that CRISPRa + ME cells had

more uniform TRA-1-60 expression on day 15 when

compared to the TG condition (Figures 5E and 5F), support-

ing the bimodal expression pattern of TG cells. These re-

sults demonstrate the use of CRISPRa as an efficient reprog-

ramming tool able to reduce cellular heterogeneity in

human iPSC induction.
DISCUSSION

Based on our results, activation of endogenous genes by

CRISPRa can be used for efficient reprogramming of fibro-

blasts and LCL into iPSC. The efficiency was dependent

on the additional targeting of the MIR302CHG transcript

and the EEAmotif. Further scRNA-seq analysis of day 15 re-

programming intermediates revealed less heterogeneity in

the CRISPRa + ME reprogrammed cells compared to other

conditions.

Numerous repositories contain LCL generated from a va-

riety of patients, and conventional reprogramming

methods have been used to derive iPSC from them (Barrett
plotted. At top right, the number of significantly highly expressed g
targeting are shown, with some of the top hits listed. These genes ar
(F) Diffusion pseudotime combined with the expression level of B2M in
fitted generalized additive model, with 95% confidence interval in e
condition.
et al., 2014; Fujimori et al., 2016; Rajesh et al., 2011;

Thomas et al., 2015). The CRISPRa reprogrammingmethod

described herein broadens the available tools for using

these repositories for disease modeling. Transcriptionally,

the CRISPRa iPSCs were indistinguishable from other

high-quality iPSC lines generated from the large reposi-

tories using conventional TG transcription factor-mediated

reprogramming methods (Carcamo-Orive et al., 2017; Kil-

pinen et al., 2017).

A key aspect of the efficient reprogramming of LCL with

CRISPRa was targeting the MIR302CHG locus. Although

the ectopic overexpression of themiR-302/367 has been re-

ported to reprogrambothmouse andhuman cells into iPSC

(Anokye-Danso et al., 2011; Miyoshi et al., 2011), we did

not observe any iPSC colonies when only miR-302/367

was targeted. This is possibly due to the modest activation

of MIR302CHG transcript by CRISPRa compared to the

ectopic expression of miRNA used in previous studies.

The activation of the MIR302CHG transcript promoted

the transition of LCL toward iPSC-like cells. Our observa-

tions are consistent with the reported role of miR-302/

367 in reducing the expression of a number of repressive

factors in reprogramming (Subramanyam et al., 2011)

and enhancing reprogramming (Kogut et al., 2018). In

addition, the enhanced activation of LIN28A by miR-302/

367 targetingmay contribute to amore efficient expression

of pluripotency factors by regulating the synthesis of Let-7

miRNA (Ustianenko et al., 2018; Worringer et al., 2014).

Activation of additional pluripotency-associated miRNAs

may prove to be an efficient way of improving CRISPRa re-

programming. In line with this, a recent article demon-

strated that the transcriptional activation of another

miRNA cluster on chromosome 19 (C19MC) accelerates

human cellular reprogramming (Mong et al., 2020).

Previous studies have described detailed roadmaps of so-

matic cell reprogramming toward pluripotency (Cacchiarelli

et al., 2015; Hussein et al., 2014; Liu et al., 2020; Schiebinger

et al., 2019; Takahashi et al., 2014; Takahashi andYamanaka,

2016; Wang et al., 2018). These roadmaps have pinpointed

the heterogeneity of the reprogramming process and the

transient cell populations and off-target cell types emerging

during the process. Our day 15 reprogramming samples

replicate the heterogeneity and reprogramming progression

described previously, spanning from somatic-like cells to

iPSC-like cells. Importantly, thismid-reprogrammingsample

time point enabled us to assess the effect of different reprog-

ramming methods on the reprogramming of human LCL.
enes in CRISPRa conditions with or without miR-302/367 or EEA
e marked as red or blue in the plots.
the mid-reprogramming samples. Dashed lines and blue shades are
ach condition. Each color represents the different reprogramming
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Figure 5. CRISPRa + ME cells progress to the pluripotent state with improved fidelity
(A) Morphology of colonies during TG and CRISPRa + ME mid-reprogramming. Scale bar, 400 mm.
(B) Correlation coefficients of gene expression profile among cells in all mid-reprogramming conditions.
(C) Distribution of OCT4 expression level in cells from all mid-reprogramming conditions.
(D) Cell identity annotation in all mid-reprogramming conditions using SingleR. BM, bone marrow; CMP, common myeloid progenitors;
GMP, granulocyte monocyte progenitors; MEP, megakaryocyte-erythroid progenitor cell.
(E) Flow cytometry analysis of hESC marker TRA-1-60 in TG and CRISPRa + ME mid-reprogramming cells. Red, negative control.
(F) Immunocytochemistry images showing TRA-1-60 expression in TG and CRISPRa + ME mid-reprogramming cells. Scale bar, 400 mm.
The best reprogramming outcome was observed by con-

current targeting of both miR-302/367 and EEA motif.

The reprogramming effect of the EEA motif targeting

has previously been linked to its contribution to the acti-

vation of NANOG and REX1 (Weltner et al., 2018). The

scRNA-seq data from the LCL suggest that the EEA motif

targeting additionally promotes epithelialization, which

is supported by the increased KRT8/18 expression and

higher proportion of EPCAM+ cells at the later time point

clusters (Fuchs and Weber, 1994; Huang et al., 2011).

KRT18 expression appears to be directly activated by

CRISPRa targeting of the EEA motif, similar to what we

have observed previously in fibroblasts (Weltner et al.,

2018). Intriguingly, this also suggests a role for the Alu-
422 Stem Cell Reports j Vol. 17 j 413–426 j February 8, 2022
KRT18 axis in controlling human early embryo develop-

ment, as KRT8 and KRT18 were recently described as the

first fate determinants that drive early embryo lineage

specification (Lim et al., 2020), and the EEA motif was

originally detected from embryo-sequencing data (Töhö-

nen et al., 2015). However, further studies are still

required to decipher the exact mechanism behind the

role of miRNA and EEA targeting on improving the re-

programming efficiency.

Importantly, the optimized CRISPRa reprogramming,

with MIR302CHG and EEA motif targeting, seems to

proceed more homogeneously than conventional reprog-

ramming. Analysis of the cells being reprogrammed re-

vealed differences, particularly in the expression of the



endogenous reprogramming factors. The barrier for the

activation of endogenous pluripotency factors may thus

contribute to the divergent route that TG reprogramming

cells seem to take to pluripotency. However, high levels of

TG OCT4 expression may be one additional explanation

for the increased heterogeneity of the TG samples. A recent

study reported that ectopicOCT4 expression is detrimental

to the generation of high-quality mouse iPSCs, due to the

activation of off-target genes (Velychko et al., 2019).

Thus, the activation of endogenous factors may result in

improved iPSC quality through a more deterministic re-

programming process. This also supports the use of

CRISPRa for improving the specificity of pluripotent

reprogramming. Alternatively, targeting of additional fac-

tors specific to the alternative cell-type clusters could pro-

mote more specific derivation of other reprogrammed cell

types from the reprogramming intermediates using

CRISPRa (e.g., induced primitive endoderm or trophoblast

cells).

In conclusion, the optimized CRISPRa approach repro-

grams cells toward pluripotency efficiently and with

improved fidelity. These findings support the use of

CRISPRa to improve the quality of human pluripotent

reprogramming.
EXPERIMENTAL PROCEDURES

Additional methods and more in-detail descriptions of bulk and

scRNA-seq can be found in the supplemental experimental

procedures.

Ethical consent
The generation of the human iPSC lineswas approved by theCoor-

dinating Ethics Committee of the Helsinki and Uusimaa Hospital

District (no. 423/13/03/00/08) with informed consent of the do-

nors. LCLs were obtained from THL Biobank (Finnish Institute of

Health and Welfare, www.thl.fi/biobank), and the experiments

were performed according to the contract and in compliance

with the general terms of the THL Biobank (application no.

BB2016_56, amendment BB2018_33).

Cell culture
LCL were cultured in LCL medium (RPMI 1640 with GlutaMAX

[Thermo Fisher Scientific]) supplemented with 15% fetal bovine

serum (FBS) (Life Technologies) and 1 mM sodium pyruvate. Human

embryonic kidney cells (HEK293, ATCC [American Type Culture

Collection] line CRL-1573) and human fibroblasts were cultured in

fibroblast medium (Dulbecco’s Modified Eagle Medium [DMEM,

Sigma-Aldrich, D6546]) supplemented with 10% FBS, 2 mM Gluta-

MAX (GIBCO), and 100 mL/mL penicillin-streptomycin (Sigma-Al-

drich). iPSCs were cultured in plates coated withMatrigel (Corning)

in E8 (GIBCO) or E8 Flex (GIBCO) medium. The medium was

changed every other day. All of the cells were kept in an incubator

at 37�C and 5% CO2 and were routinely tested for mycoplasma

contamination.
CRISPRa and conventional reprogramming of LCL
LCL were passaged the day before reprogramming. On the day of

reprogramming (day 0), LCLs were dissociated into single cells by

trituration and washed in PBS (Thermo Fisher Scientific). Cells

were electroporated with the Neon transfection system (Invitro-

gen) using R buffer. A total of 106 cells and 6 mg plasmid mixture,

containing 1.5 mg dCas9-activator plasmid (Addgene #69535)

and 4.5 mg guide plasmids, were electroporated in a 100-mL tip us-

ing 1,300 V, 10 ms, and 33 pulse conditions. For conventional re-

programming, a plasmid mixture containing 2 mg of each ectopic

expression plasmid (Addgene #27077, #27078, #27080) (Okita

et al., 2011) was transfected with the same electroporation condi-

tions as CRISPRa. Electroporated LCLs were then plated onto cell

culture dishes in LCL growth medium supplemented with

0.25 mM sodium butyrate (NaB). The GFP expression from the

episomal dCas9 activator-plasmid or from the ectopic expression

plasmids was visualized the next day to verify a successful electro-

poration. After 3 days, the cells were passaged ontoMatrigel-coated

plates. On day 4 after the transfections, the medium was changed

to hES medium (DMEM/F12 with GlutaMAX [Life Technologies]),

supplementedwith 20%KnockOut SerumReplacement (Life Tech-

nologies), 0.0915 mM 2-mercaptoethanol (Life Technologies), 13

Non-Essential Amino Acids (Life Technologies), and 6 ng/mL basic

fibroblast growth factor (bFGF) (PeproTech) supplemented with

0.25 mM NaB. The cell growth medium was changed to E8 me-

dium at day 10 of reprogramming, and the unattached LCLs

were removed at this point. The cells were cultured until day 21,

when the colonies were large enough to be manually picked and

plated on Matrigel-coated wells in E8 medium. The media were

changed every other day. The list of plasmids used for LCL reprog-

ramming is provided in Table S1.

CRISPRa and conventional reprogramming of

fibroblasts
Fibroblasts (human foreskin fibroblasts [HFFs, ATCC line CRL-

2429] and 43- to 83-year-old donor-derived primary fibroblast lines

F72, F57, F43, and M83]) were seeded 4 days before the start of re-

programming. On the day of reprogramming (day 0), cells were de-

tached as single cells from the culture plates with TrypLE Select

(GIBCO) and washed with PBS. Cells were electroporated using

the Neon transfection system (Invitrogen) and reprogrammed by

CRISPRa, as described previously (Weltner et al., 2018; Weltner

and Trokovic, 2021). Conventional reprogrammingwas performed

with the same transfection conditions as CRISPRa, using the three

ectopic expression plasmids mentioned previously (Addgene

#27077, #27078, and #27080) (Okita et al., 2011). Electroporated

fibroblasts were plated onMatrigel-coated plates immediately after

the transfections. The medium was changed every other day, and

on day 4, the fibroblast medium was changed to a 50:50 ratio of

fibroblast medium and hES medium, supplemented with

0.25 mM NaB. The cells were kept growing with medium changes

every other day, until the formed iPSC colonies were either AP

stained or collected for further analysis on days 10, 13, and 15.

Bulk RNA-seq and processing
Total RNA was extracted from 15 iPSC lines (Table S2), and puri-

fied using the NucleoSpin RNA Plus kit (Macherey-Nagel). Bulk
Stem Cell Reports j Vol. 17 j 413–426 j February 8, 2022 423
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RNA-seq was performed as a service at Novagen after the cells

passed quality control. The expression profiles of the RNA-seq

data were compared to published reference datasets of iPSC, LCL,

and fibroblasts (GEO: GSE79636, HipSci, GEO: GSE121926, E-

MTAB-4652) (Carcamo-Orive et al., 2017; Kaisers et al., 2017; Kilpi-

nen et al., 2017; Ozgyin et al., 2019) analyzed with the same

methods.

Single-cell RNA-seq and processing
Cells were dissociated with Accutase at 37�C for 5 min, resus-

pended in PBS + 0.04% BSA on ice, and passed through a Flowmi

tip strainer (Fisher Scientific) to yield a single-cell suspension.

The quality of the samples was assessed using a Luna cell counter

(Logos Biosystems). scRNA-seq was performed using the 10X Ge-

nomics Chromium Single Cell 30RNA-seq platform at the Institute

of Molecular Medicine Finland (FIMM).

Statistical analysis
Statistical analyses were performedwith Student’s t test, analysis of

variance (ANOVA), and the linear regression slope comparison test

(GraphPad Prism version 8.4.2) equivalent to the analysis of

covariance (ANCOVA), as described in the figure legends. p <

0.05 was considered significant (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001).

Data and code availability
The accession number for the RNA-seq data reported in this paper

isGEO: GSE162530. The rest of the data are available in the main

text or in the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.12.017.
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Töhönen, V., Katayama, S., Vesterlund, L., Jouhilahti, E.-M., Shei-

khi, M., Madissoon, E., Filippini-Cattaneo, G., Jaconi, M., Johns-

son, A., Burglin, T.R., et al. (2015). Novel PRD-like homeodomain

transcription factors and retrotransposon elements in early human

development. Nat. Commun. 6, 1–9. https://doi.org/10.1038/

ncomms9207.
426 Stem Cell Reports j Vol. 17 j 413–426 j February 8, 2022
Tran, K.A., Pietrzak, S.J., Zaida, N.Z., Siahpirani, A.F., McCalla, S.G.,

Zhou, A.S., Iyer, G., Roy, S., and Sridharan, R. (2019). Defining re-

programming checkpoints from single-cell analyses of induced

pluripotency. Cell Rep. 27, 1726–1741. https://doi.org/10.1016/j.

celrep.2019.04.056.

Trokovic, R., Weltner, J., Noisa, P., Raivio, T., and Otonkoski, T.

(2015). Combined negative effect of donor age and time in culture

on the reprogramming efficiency into induced pluripotent stem

cells. Stem Cell Res. 15, 254–262. https://doi.org/10.1016/j.scr.

2015.06.001.

Ustianenko, D., Chiu, H.-S.C., Treiber, T., Weyn-Vanhentenryck,

S.M., Treiber, N., Meister, G., Sumazin, P., and Zhang, C. (2018).

LIN28 selectively modulates a subclass of let-7 microRNAs. Mol.

Cell 71, 271–283. https://doi.org/10.1016/j.molcel.2018.06.029.

Velychko, S., Adachi, K., Kim, K.P., Hou, Y., MacCarthy, C.M., Wu,
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