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MOTIVATION Althoughmost hematopoietic stem cells (HSCs) are quiescent, maintaining and investigating
HSCquiescence ex vivo remains challenging. Genetically engineeredmice are a reliable approach for quies-
cent study, but it is time consuming and has limited translation to human HSCs. To establish an accessible
platform for the study of the biology of quiescent HSCs, we have adapted and optimized a low-cytokine,
low-oxygen, and high-albumin culture system that restores and maintains HSC quiescence following
genome editing. This method can revert genome-edited HSCs generated by both non-homologous end
joining (NHEJ) and homology-directed repair (HDR) to quiescence and is a useful tool for investigating
HSC quiescence.
SUMMARY
Other than genetically engineered mice, few reliable platforms are available for the study of hematopoietic
stem cell (HSC) quiescence. Here we present a platform to analyze HSC cell cycle quiescence by combining
culture conditions that maintain quiescence with a CRISPR-Cas9 genome editing system optimized for
HSCs. We demonstrate that preculture of HSCs enhances editing efficiency by facilitating nuclear transport
of ribonucleoprotein complexes. For post-editing culture, mouse and human HSCs edited based on non-ho-
mologous end joining and cultured under low-cytokine, low-oxygen, and high-albumin conditions retain their
phenotypes and quiescence better than those cultured under the proliferative conditions. Using this
approach, HSCs regain quiescence even after editing by homology-directed repair. Our results show that
low-cytokine culture conditions for gene-edited HSCs are a useful approach for investigating HSC quies-
cence ex vivo.

7–9
INTRODUCTION

Hematopoietic stem cells (HSCs) maintain lifelong hematopoie-

sis in the bone marrow (BM). The majority of HSCs are quiescent

at steady state.1 HSC function is closely related to quiescence,2

and label-retaining assays,3,4 cell cycle indicators,5,6 and ge-
Cell Repo
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netic ablation of cyclin-dependent kinase inhibitors confirmed

that repopulation capacity is highest in quiescent HSCs. HSC

quiescence is precisely regulated by metabolic status, reactive

oxygen species (ROS), mitochondrial activity, autophagy, lyso-

somal activity, and CDK6 levels.10–14 HSCs generate committed

progenitors in response to various stressors and signals.15
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Several groups have reported that, once activated, quiescent

HSCs undergo functional changes in response to stimulation

by factors such as interferon (IFN), lipopolysaccharide (LPS),

and 5-fluorouracil (5-FU).16–22 Although these studies advanced

the field of HSC biology, HSC quiescence remains incompletely

understood, and many aspects of this process are unknown. For

example, although the ability of activated HSCs to revert to

quiescence in vivo is well known, the regulatory mechanisms

for this phenomenon remain elusive. The use of genetically engi-

neered mice is a promising approach to further investigate HSC

quiescence, but this approach is time consuming, and the num-

ber of target genes is limited. Findings inmousemodels are often

not translatable to human HSCs. Therefore, new tools to study

the biology of human HSC quiescence in physiological and path-

ological states are required.

CRISPR-Cas9 genome editing has revolutionized the study

of HSCs23–25 and their therapeutic application.26 Genome

editing using the conventional CRISPR-Cas9 system induces

non-homologous end joining (NHEJ), resulting in introduction

of insertions or deletions (indels) into the genome.27–29

Although genome editing via NHEJ is reportedly less affected

by the cell cycle status than genome editing via homology-

directed repair (HDR),30–34 it is not fully understood whether

there are differences in the genome editing efficiency within he-

matopoietic stem/progenitor cell (HSPC) subpopulations.

Various methods reportedly improve the genome editing effi-

ciency,35–39 genome editing accuracy,40 and repopulation ca-

pacity32,41 of HSCs. Preclinical and clinical trials of HSC

genome editing are ongoing to treat various genetic diseases,

including thalassemia,42,43 sickle cell disease,43–47 and congen-

ital immunodeficiency.48–50

Genome editing of a mixture of HSCs and progenitors has

been reported.51,52 Although these reports are valuable, HSC-

optimized genome editing protocols are necessary, considering

the unique biological properties of quiescent HSCs. It is unclear

why preculture of HSCs is necessary not only for HDR, which re-

quires entry into S phase, but also for NHEJ, which can occur in

quiescent cells.35 This prompted the hypothesis that HSCs have

specific gene editing mechanisms related to quiescence. Prolif-

erative culture conditions have been widely used before and

after genome editing. HSCs gradually lose their repopulation ca-

pacity upon prolonged exposure to proliferative conditions,53

highlighting the necessity of proliferative culture conditions that

maintain HSC function. Recently, ex vivo culture methods for

mouse and human HSPCs have been established.54,55 These

methods overcome the functional decline after ex vivo prolifera-

tive culture and are useful for obtaining sufficient HSC numbers

for application in translational studies. As another approach to

maintaining HSC function, our group and others have focused

on retaining HSC quiescence in vitro.56–59 These two culture

methods, proliferative and quiescent culture, are conceptually

different, especially pertaining to the cell cycle. Therefore, to

study the biology of quiescent HSCs, further development and

improvement of quiescent culture-based methods is necessary.

Based on this concept, controlling the cell cycle following

genome editing is worth considering. Attempts have been

made to revert edited cells to quiescence using chemical

compounds.31
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In this study, we adapted and optimized a low-cytokine, low-

oxygen, and high-albumin culture condition that maintains

quiescence of HSCs (quiescence-maintaining condition)57

following genome editing and demonstrated that this condition

can revert genome-edited HSCs generated by NHEJ and HDR

to quiescence. This strategy preserves quiescent HSCs that

retain the same surface marker phenotypes as HSCs in BM. In

addition, the transcriptional profile and repopulation capacity

of genome-edited HSCs cultured under the quiescence-main-

taining condition are better maintained than those of genome-

edited HSCs cultured under the proliferative condition. We

adapted this method to the editing of human HSPCs and

confirmed its usefulness in this context. Collectively, our method

preserves quiescent HSCs after genome editing and enables

investigation of the biology and genetics of HSC quiescence un-

der near-physiological conditions.

RESULTS

Efficient editing of quiescent HSCs by NHEJ requires
preculture
To analyze factors that affect the editing efficiency of HSPCs, we

used single guide RNAs (sgRNAs) targeting CD45 and GFP

(CD45-sgRNA and GFP-sgRNA, respectively). sgRNA targeting

the Rosa26 locus served as a negative control. HSPCs were

electroporated to transfect a ribonucleoprotein (RNP) complex

containing sgRNA and Cas9 (Figure S1A).35,60 Homozygous or

heterozygous mutation using CD45-sgRNA and GFP-sgRNA

was evaluated by picking single-cell-derived colonies (Fig-

ure S1B). sgRNA produced by in vitro transcription (IVT) report-

edly induces IFN signaling, and this phenomenon is prevented

by using chemically modified sgRNA.61–63 We performed

quantitative PCR (qPCR) to assess the gene expression and col-

ony-forming capacity of HSPCs treated with IVT-produced or

chemically modified sgRNAs in our system. The expression

levels of IFN signaling-related genes (Ifnb1, Oas2, Ddx58/

RIG-I, and Isg15) tended to increase upon treatment with IVT-

produced sgRNA, as previously reported, but these increases

were not significant (Figure S1C). We next analyzed the effects

of the differentiation status and culture before genome editing.

Freshly isolated HSPCs or HSPCs cultured for various durations

were electroporated with the RNP complex, and the editing effi-

ciency was analyzed on day 3 after electroporation (Figure 1A).

The editing efficiency differed among freshly isolated HSPC frac-

tions; it was >40% for granulocyte/monocyte progenitors

(GMPs), <20% for HSCs, and variable (10%–30%) for multipo-

tent progenitors (MPPs) and common myeloid progenitors

(CMPs) (Figure 1B). The genome editing efficiency of all the

HSPC fractions precultured overnight was higher than that of

freshly isolated cells (blue bars in Figure 1B), consistent with

the previous finding that preculture is required for genome edit-

ing.35,64 Notably, preculture almost abrogated the differences in

editing efficiency among HSPC fractions (red bars in Figure 1B).

Given that HSCs are more quiescent than differentiated pro-

genitors,2 we speculated that the differences in genome editing

efficiency of HSPCs and the effects of preculture are related to

the cell cycle status. The frequency of cycling cells determined

by 5-ethynyl-20-deoxyuridine (EdU) labeling was significantly
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Figure 1. The cell cycle status determines the genome editing efficiency of HSPC fractions

(A) Experimental design.

(B) Frequencies of CD45� edited cells among HSCs, MPP1 cells, MPP2 cells, MPP3 cells, CMP cells, and GMP cells precultured with 50 ng/mL SCF and 50 ng/
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(D) Correlation of the frequency of cells in S/G2/M phases and the genome editing efficiency among HSPC fractions.
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lower among freshly isolated HSCs than among freshly isolated

GMPs, whereas the frequencies of EdU+ cells in these popula-

tions increased and were comparable following preculture with

cytokines overnight (Figure 1C). Within the freshly isolated

HSPC fraction, the genome editing efficiency and cell cycle sta-

tus determined by Ki67 and Hoechst 33342 staining (Figure 1D)

or in vivo EdU incorporation (Figure S1D) were positively corre-

lated. These data suggest that genome editing occurs efficiently

in cycling cells. Thus, even in the case of genome editing with

NHEJ, which can occur in cells not in S/G2 phases, including

quiescent cells, a sufficient preculture period to activate the

cell cycle of HSCs is needed.

The preculture condition, but not the post-culture
condition, defines the genome editing efficiency
To further determine the optimal genome editing condition for

HSCs, we tested several variables, including the preculture dura-

tion, cytokine combination, number of cells subjected to editing

per experiment, and post-electroporation culture (post-culture)

conditions (Figure 2A). The frequency of CD45� edited cells

increased in proportion to the preculture duration, consistent

with previous reports (Figure 2B).31,35,64 Regarding cytokine

combinations, the frequency of CD45� edited cells was highest

using 50 ng/mL stem cell factor (SCF) and 50 ng/mL thrombo-

poietin (TPO), whereas preculture with low concentrations of

cytokines or a single cytokine (SCF or TPO) decreased genome
editing efficiency (Figure 2C). In addition, this preculture condi-

tion resulted in a genome editing efficiency comparable with

preculture in polyvinyl alcohol (PVA)-based medium, and the

preculture period was shorter than in previous reports

(Figure S2A).65 Furthermore, the number of cells loaded on the

electrode tip did not affect the genome editing efficiency, making

it possible to edit as few as 250 HSCs (Figure S2B). Notably,

although high cytokine concentrations were required for precul-

ture, changing the post-culture medium to maintain quiescence

of HSCs (1.5 ng/mL SCF, 1 ng/mL TPO, 4% bovine serum albu-

min [BSA] supplemented with fatty acids and cholesterol, and

1% O2; STAR Methods)57 did not compromise the genome edit-

ing efficiency (Figure 2D). Our results indicate that the preculture

condition, not the post-culture condition, defines genome edit-

ing efficiency.

Preculture improves the nuclear localization of RNPs
and upregulates nuclear import-related genes
Based on the results described above, fresh HSCs are poorly

edited by NHEJ compared with hematopoietic progenitor cells

(Figures 1B, 2B, and 2C). Quiescent HSCs mainly use the

NHEJ-mediated DNA repair mechanism66; therefore, preculture

may improve editing efficiency by improving viability or transfec-

tion efficiency after electroporation. 2 days after electroporation,

the frequency of apoptotic cells was unaffected by preculture

(Figure 2E). As demonstrated in a prior study,35 the number of
Cell Reports Methods 2, 100354, December 19, 2022 3



Day1 Day2 Day3
0

2000

4000

6000

8000

10000

12000

ce
ll 

nu
m

be
r

Fresh_RNP
Fresh_Mock

Preculture_Mock

Preculture_RNP

0h 1h 3h 6h O/N
0

20

40

60

80

100

Fr
eq

 o
f C

D4
5- c

el
l (

%
)

CD45
Rosa

Preculture time

B C

E

A

D F G

Mock

Preculture(-)

Preculture(+)
0

1

2

3

4

5

An
ne

xi
nV

+  (
%

)

ns

J

Preculture(-) Preculture(+)
0

20

40

60

80

100

Fr
eq

 o
f A

55
0+ 

(%
)

**

K

Fresh Preculture
0

20

40

60

80

100

120

AT
TO

55
0+  i

n 
nu

cl
eu

s 
(%

)

***

**

**

ns

***

N
TC

Pr
ec

ul
tu

re
(-)

Pr
ec

ul
tu

re
(+

)

1μm

A550 DAPI Merge

1μm

1μm

Kpna2 Kpnb1
0

20

40

60

80

100

120

FP
KM

***

p=0.069

Electroporation
(day1)

Preculture

HSC/LSK sorting
(day0)

Nucleofection efficiency
day1-2 (Fig 1G,1H,1I,1J) 

Apoptosis/Cell count
day3 (Fig 1E, 1F) 

CD45 editing outcome 
day4 (Fig 1B,1C,1D)

Analysis500-600
HSCs/well

***
***

***

***

***

S1.5T1 T50 S50 S50T50
0

20

40

60

80

100

Fr
eq

 o
f C

D4
5- c

el
l (

%
)

Rosa

Preculture cytokine

CD45

I

ns

S50T50 S10T1 S3T1 S1.5T1
0

20

40

60

80

100

Fr
eq

 o
f C

D4
5- c

el
l (

%
)

Rosa
CD45

Post-culture condition

H

0h 0.5h 1h 3h 6h 12h24h48h72h
0

20

40

60

80

100

Time after electroporation

Fr
eq

 o
f A

TT
O

55
0+  (

%
)

Preculture(-)
Preculture(+)

* ***

******

***
***

***

**

***

*

n.s

Electroporation

Figure 2. The preculture condition defines the genome editing efficiency and increases the nucleofection efficiency of HSPCs

(A) Experimental design.

(B) Optimization of the preculture duration for genome editing of HSCs (mean ± SD, n = 2–3 per group from three independent experiments).
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(legend continued on next page)
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freshly isolated HSPCs (Lin�Sca-1+c-Kit+ [LSK] cells) after RNP

electroporation was similar to that of mock-electroporated cells

until 72 h post-electroporation. Contrastingly, the number of LSK

cells electroporated with RNP after preculture decreased about

to 80% compared with mock-electroporated cells (Figure 2F).

This suggested that preculture did not allow LSK cells to electro-

poration. Next, we tested whether HSPC preculture changes the

transfection efficiency of primitive HSPCs. Fresh or precultured

LSK cells were electroporated with ATTO550-labeled or non-

labeled gRNA, and the transfection efficiency (the frequency of

ATTO550+ cells) was analyzed by flow cytometry. A higher pro-

portion of ATTO550+ cells than ATTO550� cells was CD45�,
suggesting that the transfection efficiency can be monitored us-

ing ATTO550-labeled gRNA (Figure S2C). As shown in previous

experiments (Figures 1B and 2B), CD45� cells were less frequent

among fresh LSK cells than among precultured LSK cells. The

nucleofection efficiency of precultured LSK cells was signifi-

cantly higher than that of fresh LSK cells 24 h after electropora-

tion (92.7% ± 1.1% vs. 67.0% ± 5.7%) (Figures 2G and S2E). To

determine when these differences occurred, we performed a

time-course analysis of transfection efficiency. The transfection

efficiency significantly differed between freshly isolated and pre-

cultured LSK cells immediately after electroporation, and this dif-

ference persisted for at least 24 h (Figure 2H).

Next, we investigated why fresh HSPCs had relatively high

transfection efficiency (about 70% for LSK cells, as shown in

Figure 2G) but were inefficiently edited (less than 20% of

CD45� cells among HSCs, as shown in Figures 1B and 2B).

The flow cytometry histograms of cells electroporated with

ATTO550were biphasic, and ATTO550high and ATTO550low pop-

ulations could be detected. ATTO550high cells were dominant

among precultured LSK cells (Figures S2D and S2E). Consid-

ering that preculture improved the efficiency of gene editing,

we hypothesized that the ATTO550high population contained

cells with nuclear localization of RNP. Indeed, confocal imaging

confirmed that the co-localization frequency of RNP and nuclei

was significantly increased in precultured LSK cells compared

with fresh LSK cells (84.5% ± 8.3% vs. 47.5% ± 8.3%)

(Figures 2I and 2J). The ATTO550high population of fresh LSK

cells also exhibited RNP localized to the nucleus (Figure S2F),

which was compatible with the low editing efficiency of fresh

LSK cells (Figure S2C). We next examined the efficiency of

RNP nuclear transfer by nucleofection, an improved transfection

method for nucleic acid and proteins into the cytoplasm and -

nucleus. Nuclear localization of RNP after nucleofection

(64.3% ± 5.8%) was higher than that of fresh LSK cells

(47.5% ± 8.3%) (Figures 2I, 2J, S2G, and S2H). However, RNP

nuclear localization after nucleofection of precultured LSK

cells significantly increased (84.6% ± 2.6%) relative to fresh

LSK cells and was similar to that of electroporated precultured
(F) Cell number of mock- or RNP-electroporated LSK cells with/without precultu

(G) Nucleofection efficiency (ATTO550+) of edited LSK cells with/without precult

(H) Time course analysis of the nucleofection efficiency (mean ± SD, n = 3 per g

(I) Confocal imaging of fresh and precultured LSK cells electroporated with AT

(DAPI). The negative control (NTC) used non-labeled RNP. Representative image

(J) Frequency of nuclei containing ATTO550-labeled RNP (n = 10 cells per group

(K) FPKM of Kpna2 and Kpnb1 in fresh and precultured HSCs determined from R
LSK cells (84.5% ± 8.3%) (Figures 2I, 2J, S2G, and S2H).

Thus, in freshly isolated LSK cells, nucleofection introduces

RNPs to the nucleus more efficiently than conventional electro-

poration, but even conventional electroporation of precultured

LSK cells introduced more RNPs to the nucleus than did nucle-

ofection of freshly isolated LSK cells. In support of these

observations, RNA sequencing (RNA-seq) revealed that gene

expression of Kpna2 (Importin a2) and nuclear import-related

genes (Rcc1, Ran, Ranbp1, and Kpnb1) was significantly

increased after preculture (Figures 2K and S2I). On the other

hand, transmission electron microscopy showed no increase in

the number of nuclear pores (Figures S2J and S2K).

Our data suggest that preculture improves the nucleofection

efficiency of HSPCs by upregulating nuclear import machinery

and increasing the nuclear localization of RNPs.

HSCs re-enter quiescence after genome editing under
the quiescence-maintaining condition
Although preculture improves the efficiency of editing, cell cycle

changes and proliferation induced by preculture perturb the

function of HSCs.1,67,68 Several studies induced this reversion

in retrovirally transduced primate and human HSPCs.31,69 We

thus sought to optimize post-editing culture conditions to restore

quiescence to edited HSCs using physiological factors. We

investigated if the quiescence-maintaining culture condition

that we reported previously positively affects HSCs following

genome editing at the early phase (day 2 after editing) and late

phase (day 7 after editing) (Figure 3A).57 After culture under the

quiescence-maintaining condition, 60% of LSK cells in the early

and late phases retained the surfacemarker phenotype of HSCs,

which was higher than the corresponding percentage under the

conventional proliferative culture or PVA-based condition

(Figures S3A and S3B). In the early phase, the total cell number

was significantly lower, but the frequency of HSCs was signifi-

cantly higher, under the quiescence-maintaining condition than

under the proliferative and PVA-based conditions (Figures 3B–

3D). These differences were also observed in the late phase

(Figures 3E–3G). More than 60% of cells did not express CD45

in the late phase (Figures 3G and S3B). These results suggest

that the quiescence-maintaining condition maintains phenotypic

HSCs (pHSCs) even after genome editing.

Next, we investigated whether genome-edited HSCs could

revert to a quiescent state and, if so, their reversion kinetics.

To test this, EdU incorporation was examined at several time

points. The EdU+ fraction of HSCswas increased after preculture

(Figure 1C). In the early phase after editing, the percentage of

EdU+ LSK cells was significantly lower under the quiescence-

maintaining condition than under the PVA-based condition

(Figure 3H), and the percentage of CD48� LSK cells under the

quiescence-maintaining condition was significantly higher than
re (mean ± SD, n = 4 per group from four independent cell cultures).

ure (mean ± SD, n = 3 per group from three independent electroporations).

roup from three independent electroporations).

TO550-labeled RNP. Nuclei were stained with 40,6-diamidino-2-phenylindole

s are shown.

).

NA-seq analysis (n = 3 per group from three biological replicates).
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Figure 3. Post-culture induces reversion of edited HSCs to quiescence

(A) Experimental design for genome editing.

(B) Total cell counts of HSCs edited using CD45-sgRNA in the early phase after editing (mean ± SD, n = 3 per group from independent cell cultures).

(C) HSC counts among HSCs edited using CD45-sgRNA in the early phase after editing (mean ± SD, n = 3 per group from independent cell cultures).

(legend continued on next page)
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under other conditions (Figure S3C). About 25% of LSK cells

under the quiescence-maintaining condition were EdU+, which

suggested that reversion to quiescence was not fully completed

in the early phase. In the late phase, CD48� LSK cells incorpo-

rated less EdU than CD48+ LSK cells under all culture conditions

tested (Figure 3I). Importantly, about 10% of cells in the CD48�

LSK fraction were EdU+ under the quiescence-maintaining con-

dition (Figure 3I). This was similar to the frequency for HSCs

cultured under the quiescence-maintaining condition without

electroporation and lower than the frequencies under the con-

ventional proliferative and PVA-based conditions (Figures 3I

and S3D). These results indicate that the cell cycle begins to

slow down in genome-edited HSCs cultured under the quies-

cence-maintaining condition 2 days after editing and these cells

revert to a more dormant state at 7 days after editing.

The Evi1 expression level predicts HSC capacity; therefore,

we monitored Evi1 expression following genome editing of

HSCs from Evi1-GFP mice.70,71 The frequency of Evi1-GFP+

cells was inversely correlated with the cytokine concentration

in culture without electroporation and was highest upon culture

in the presence of 0.5 ng/mL SCF and 1 ng/mL TPO (Figure S3E).

Consistently, the frequency of Evi1-GFP+ cells within the CD48�

LSK fraction (Figure 3J) was lower under the proliferative condi-

tion than under the quiescence-maintaining condition. Of

note, the frequency of Evi1-GFP+ cells was identical among

CD45+ and CD45� cells regardless of the post-culture condition

(Figure 3J).

These results suggest that the quiescence-maintaining condi-

tion gradually reverts edited HSCs activated by preculture to a

dormant state, which maintains pHSCs without compromising

the genome editing efficiency.

HSCs reverted to quiescence after genome editing
transcriptionally resemble freshly isolated HSCs
To determine whether HSCs cultured under the quiescence-

maintaining condition retain HSC characteristics, we performed

RNA-seq of the following nine samples: (1) freshly isolated endo-

thelial protein C receptor (EPCR)+ HSCs (fresh), (2) EPCR+ HSCs

precultured for 1 day in the presence of 50 ng/mL SCF and 50 ng/

mL TPO (preculture), (3) EPCR+ HSCs cultured under the quies-

cence-maintaining condition at 2 days after electroporation

without RNP (day 2-mock), (4) EPCR+ HSCs cultured under the

quiescence-maintaining condition at 7 days (day 7-mock), (5)

genome-edited EPCR+ HSCs with quiescence-maintaining

post-culture at 2 days (day 2-CRISPR-quiescent), (6) genome-

edited EPCR+ HSCs with quiescence-maintaining post-culture

at 7 days (day 7-CRISPR-quiescent), (7) genome-edited EPCR+

HSCs with proliferative post-culture at 2 days (day 2-CRISPR-

proliferative), (8) genome-edited EPCR+ HSCs with proliferative
(D) Frequency of pHSCs among HSCs edited using CD45-sgRNA in the early ph

(E) Total cell counts of HSCs edited using CD45-sgRNA in the late phase after e

(F) Frequency of pHSCs among HSCs edited using CD45-sgRNA in the late pha

(G) Frequency of CD45� cells in the late phase after editing (mean ± SD, n = 6 p

(H) EdU incorporation assay of genome-edited HSCs in the early phase after edi

(I) EdU incorporation assay of genome-edited HSCs in the late phase after editin

(J) Frequency of Evi1+ cells in the CD48� LSK fraction of CD45� (edited) or CD45

from independent cell cultures).
post-culture at 7 days (day 7-CRISPR-proliferative), and (9)

genome-edited EPCR+ HSCs with PVA-based post-culture at

2 days (day 2-CRISPR-PVA) (Figure 4A). The gating strategy for

cell sorting is shown in Figure S4A.

Principal-component analysis (PCA) of RNA-seq profiles

showed several transcriptional differences in short-term

(2 days after electroporation) and long-term (7 days after electro-

poration) samples. First, the coordinates of precultured HSCs

were vastly different from those of fresh HSCs (Figure 4B). Sec-

ond, focusing on the short-term samples, the coordinates of the

quiescence-maintaining culture samples (day 2-mock and day

2-CRISPR-quiescent HSCs) were close to those of preculture

HSCs but formed a different cluster than day 2-CRIPSR-

proliferative and day 2-CRISPR-PVA HSCs (Figure 4B). The

PC1 loading was characterized by expression of quiescent

HSC-related genes, such as Vwf, Procr, Pdzk1ip1, Trim47, and

Sult1a1 (Table S1). Day 2-CRISPR-quiescent HSCs more highly

expressed Vwf, Pdzk1ip1, Trim47, Sult1a1, Robo4, Cdkn1c,

Ctsf, and Sox18 than day 2-CRISPR-PVA and day 2-CRISPR-

proliferative HSCs (Figure 4C). Third, the coordinates of day

7-mock HSCs, which were cultured under the quiescence-main-

taining condition but not precultured, were closer to those of

fresh HSCs than those of day 2-mock HSCs. The coordinates

of day 7-CRISPR-quiescent HSCs were different from those of

day 7-mock and closer to those of day 2-mock and day

2-CRISPR-quiescent HSCs in the PC1 axis (Figure 4B). This sug-

gested that culture under the quiescence-maintaining condition

could incompletely revert transcriptional changes induced by

preculture 2 days after electroporation and had the potential to

maintain a gene expression profile similar to that of fresh HSCs

unless preculture was performed. The coordinates of day

7-CRISPR-proliferative HSCs were located opposite those of

fresh HSCs and formed a different cluster from day 7-CRISPR-

quiescent HSCs (Figure 4B). Day 7-CRISPR-quiescent HSCs

maintained expression of HSC-related genes such as Vwf,

Esam, Robo4, Ramp2, and Cdkn1c better than day 7-CRISPR-

proliferative HSCs (Figure S4B), whereas other HSC-related

genes, such as Mllt3 and Procr, were downregulated in day

7-CRISPR-quiescent HSCs compared with fresh HSCs (Fig-

ure S4C). These results suggest that the quiescence-maintaining

condition can alleviate transcriptional changes in genome-edited

HSCs compared with the proliferative condition.

Gene set enrichment analysis (GSEA) revealed that fresh, day

2-mock, day 7-mock, day 2-CRISPR-quiescent, and day

7-CRISPR-quiescent HSCs had similar enrichment profiles of

hallmark gene sets (Figure S4D). E2F target genes were downre-

gulated in day 7-CRISPR-quiescent HSCs activated by precul-

ture (Figure S4E) compared with CRISPR-proliferative HSCs

(Figure S4F) in addition to other cell cycle-related genes,
ase after editing (mean ± SD, n = 3 per group from independent cell cultures).

diting (mean ± SD, n = 14 per group from independent cell cultures).

se after editing (mean ± SD, n = 14 per group from independent cell cultures).

er group from independent cell cultures).

ting (mean ± SD, n = 6 per group from two independent experiments).

g (mean ± SD, n = 3–6 per group from independent cell cultures).
+ (non-edited) cells in the late phase after editing (mean ± SD, n = 16 per group
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Figure 4. RNA-seq

(A) Experimental design for RNA-seq.

(B) PCA of RNA-seq data.

(C) Volcano plots comparing the expression levels of various genes between day 2-CRISPR-quiescent and day 2-CRISPR-proliferative.

(D) Hierarchical clustering of single-sample GSEA of HSPC-related gene sets by gene set variation analysis (GSVA).

(E) GSEA of upregulated gene sets, comparing HSCs and MPPs between day 7-CRISPR-quiescent and day 7-CRISPR-proliferative.

(F) GSEA of downregulated gene sets, comparing HSCs and MPPs between day 7-CRISPR-quiescent and day 7-CRISPR-proliferative.

(G) GSEA of upregulated gene sets comparing HSCs and MPPs between preculture and day 7-CRISPR-quiescent.

See also Tables S1 and S2.
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includingMyc target genes (Figure S4G), consistent with the EdU

incorporation assay (Figures 1C and S3D). The enrichment pro-

file of HSPC-related gene sets showed that day 2-mock, day

7-mock, and day 2-CRISPR-quiescent HSCs were more similar

to fresh HSCs than day 2-and day 7-CRISPR-proliferative HSCs

and CRISPR-PVA HSCs (Figure 4D). Day 7-CRISPR-quiescent

HSCs had an enrichment profile that was more similar to that

of freshHSCs thanday 7-CRISPR-proliferative HSCs (Figure 4D).

For instance, genes highly expressed in HSCs compared with

MPPs were more enriched in day 7-CRISPR-quiescent HSCs

than in day 7-CRISPR-proliferative HSCs and vice versa

(Figures 4E and 4F), whereas HSC genes were downregulated

compared with preculture HSCs (Figure 4G).

These results suggest that HSCs cultured under the quies-

cence-maintaining condition reverted to quiescence soon after

genome editing and transcriptionally retained HSC phenotypes

more than HSCs cultured under the proliferative and PVA-based

conditions.

Edited HSCs maintain their stem cell potential in vitro

and in vivo

pHSCs do not necessarily retain HSC functions72; therefore, we

next tested whether edited HSCs subjected to quiescence-

maintaining post-culture retain their repopulation potential

in vitro and in vivo. Freshly isolated or genome-edited HSCs sub-

jected to quiescence-maintaining or proliferative post-culture for

7 days were clonally sorted and subjected to a single-cell colony

formation assay (Figure S5A). The colony-forming capacity of

genome-edited HSCs subjected to quiescence-maintaining

post-culture was highest (216 of 243 wells; Figure S5B) and

was even superior to that of fresh HSCs (208 of 384 wells; Fig-

ure S5C). The colony-forming capacity of genome-edited

HSCs subjected to proliferative post-culture was lower

(Figures S5D and S5E). Thus, HSCs reverted to quiescence after

genome editing retain their colony formation capacity.

Next we evaluatedwhether the in vivo repopulating capacity of

HSCs was affected by editing or post-culture. To this end, we

prepared HSCs (CD45.2+) derived from Ubc-GFP mice and edi-

ted them at the GFP locus. Edited HSCs were cultured under the

quiescence-maintaining condition (quiescent group), prolifera-

tive condition (proliferative group), and PVA-based condition

(PVA). Freshly isolated GFP+ HSCs (fresh) and GFP+ HSCs not

subjected to editing procedures and cultured under the quies-

cence-maintaining condition (culture group) served as controls.

Cultured cells were transplanted into lethally irradiated recipient

mice (CD45.1+) with competitor cells (CD45.1+) 2 days

(Figure S5F) or 10 days after electroporation (Figure 5A). GFP-

sgRNAwas validated (Figures S1A and S1B). To test the repopu-

lation capacity of edited HSCs, we compared the chimerism of

donor-derived total (CD45.2+) cells in the control groups (fresh

and precultured groups) with that of edited (CD45.2+GFP�) cells
in different post-culture conditions (quiescent, proliferative, and

PVA based). First, to determine how post-culture conditions

affect HSC function in vivo on a short-term basis, we competi-

tively transplanted edited HSCs 2 days after electroporation

(day 3). Donor-derived chimerism in peripheral blood was com-

parable between fresh HSCs and the post-culture groups (Fig-

ure S5G). Peripheral blood (PB differentiation was similar be-
tween groups 4 months after transplantation (Figure S5H).

Also, donor-derived chimerism of BM cells and HSCs in each

edited group was similar to that of fresh HSCs (Figures S5I and

S5J). This suggests that, after short-term culture, edited HSCs

are functionally similar to fresh HSCs regardless of post-culture

conditions.

Next, to test the functional effect of editing and long-term cul-

ture on HSCs, we transplanted HSCs 10 days after editing or

HSCs cultured for 10 days without editing (day 11). Following

the primary transplantation, donor-derived chimerism of the

quiescent group in peripheral blood was generally superior to

that of the proliferative group but lower than that of the culture

group (Figure 5B). Chimerism ofmyeloid and B cells 4months af-

ter transplantation did not significantly differ between the quies-

cent and culture groups, but that of T cells was lower in the

quiescent group than in the culture group (Figure 5C). Chimerism

of donor-derived BM cells and HSCs in the quiescent group was

significantly higher than that in the proliferative group and equiv-

alent to that in the culture group (Figures 5D and 5E). To confirm

the serial transplantation capacity, we performed secondary

transplantation. Following secondary transplantation, donor-

derived chimerism in peripheral blood did not differ between

the quiescent and culture groups (Figure 5F). 4 months after sec-

ondary transplantation, chimerism of myeloid and B cells was

equivalent between the quiescent and culture groups, but that

of T cells was lower in the quiescent group than in the culture

group (Figure 5G). Chimerism of donor-derived BM cells and

HSCs was equivalent between the quiescent and culture groups

(Figures 5H and 5I). The proliferative group showed no donor-

derived chimerism at 1 month following secondary transplanta-

tion, and all recipient mice thereafter died, probably because

competitor cells alone were insufficient to repopulate the BM

(Figure 5F).

These data demonstrate that all short-term culture conditions

tested maintained a similar functionality of edited HSCs

compared with fresh HSCs. In long-term culture, edited HSCs

maintained sufficient function only under quiescence-maintain-

ing culture conditions, although editing modestly decreased

HSC function in this context.

Quiescent culture is beneficial for HSCs edited by HDR
In addition to editing by NHEJ, analyzed above, we tested the

effects of the quiescence-maintaining condition on HSCs edited

by HDR. To deliver the HDR template, we used validated sgRNAs

for theRosa26 locusandrecombinantadenovirus-associatedvirus

serotype 6 (AAV6) expressing EGFP under the control of the CAG

promoter (Figure S6A). LSK cells were electroporated with RNP

following AAV6 transduction. To enhance AAV6 transduction, pre-

cultured and electroporated LSK cells were cultured under a high-

cytokine condition for an additional 24 h. Then they were switched

to thequiescence-maintainingorproliferativecondition (Figure6A).

The efficiency of HDR-based editing was about 15% (Figure 6B).

Insertion of the GFP sequence into the Rosa26 locus was

confirmedbySanger sequencing ofGFPhigh cells (FigureS6B). Us-

ingCD150+CD34� LSKcells editedbyHDR,we tested the effect of

the quiescence-maintaining condition upon short-term culture. On

day 2 after transduction, the total cell number was significantly

lower under the quiescence-maintaining condition than under the
Cell Reports Methods 2, 100354, December 19, 2022 9
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Figure 5. Edited HSCs under the quiescence-maintaining condition retain their stem cell potential in vivo

(A) Experimental design of the transplantation assay.

(B) Peripheral blood chimerism of donor-derived cells following primary transplantation of day 11 (mean ± SD, n = 5–6).

(C) Peripheral blood chimerism of donor-derived myeloid cells, B cells, and T cells following primary transplantation of day 11 (mean ± SD, n = 5–6).

(D) BM chimerism of donor-derived cells following primary transplantation of day 11 (mean ± SD, n = 5–6).

(E) Donor-derived HSC chimerism following primary transplantation of day 11 (mean ± SD, n = 5–6).

(F) Peripheral blood chimerism of donor-derived cells following secondary transplantation of day 11 (mean ± SD, n = 5–6).

(G) Peripheral blood chimerism of donor-derived myeloid cells, B cells, and T cells 4 months after secondary transplantation of day 11 (mean ± SD, n = 5–6).

(H) BM chimerism of donor-derived cells following secondary transplantation of day 11 (mean ± SD, n = 5–6).

(I) Donor-derived HSC chimerism following secondary transplantation of day 11 (mean ± SD, n = 5–6).
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PVA-based and proliferative conditions (Figure 6C). The frequency

ofCD150+CD34� LSKcellswassignificantly higherunder thePVA-

basedcondition than under the quiescence-maintaining condition,

which was superior to the proliferative condition (Figures 6D, S6C,
10 Cell Reports Methods 2, 100354, December 19, 2022
and S6D). However, the frequency and number of

CD150+CD34�CD48� LSK cells were better maintained under

the quiescence-maintaining condition than under the PVA-based

and proliferative conditions (Figures 6E,6F, and S6C–S6D). The
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frequency of GFPhigh cells was higher under the quiescence-main-

taining andproliferative conditions than under thePVA-basedcon-

dition (FigureS6F). The frequencies of GFPhigh CD150+CD34� LSK

cells and CD150+CD48� LSK cells were significantly higher under

the quiescence-maintaining condition than under the proliferative

and PVA-based conditions (Figures 6G and S6G). To determine

how HDR using AAV6 affects the phenotype of edited

HSCs we compared the expression of SLAM markers between

GFPhigh and GFP�/low LSK cells (Figure 6H). The frequency of

CD150+CD48� LSK cells was lower in the GFPhigh LSK fraction

than within the GFP�/low fraction under all three culture conditions

(Figure 6H). However, this effectwas alleviated by the quiescence-

maintaining condition, and CD150+CD48� LSK cells were better

retained (Figure 6H).

Next we examined the cell cycle status after HDR-based edit-

ing. The frequency of cells in G0 phase was significantly higher

under the quiescence-maintaining condition than under the

PVA-based and proliferative conditions (Figure S6H). Higher fre-

quencies of GFPhigh and GFP�/low cells were in G0 phase under

the quiescence-maintaining condition (Figure 6I). These results

suggest that HSCs cultured under the quiescence-maintaining

condition can revert to quiescence following HDR-based editing.

Finally, we performed a colony formation assay using HSCs

edited by HDR to evaluate their progenitor function. The number

of colonies derived from GFPhigh cells was similar among the

three culture conditions, and these colonies expressed GFP,

as confirmed by genomic PCR (Figures 6J, S6I, and S6J).

These results show that phenotypic and quiescent HSCs were

better maintained under the quiescence-maintaining condition

than under the proliferative condition after HDR-based editing.

Quiescent culture maintains primitive human HSPCs
and reverts these cells to quiescence upon NHEJ-based
editing
We next assessed the effect of the quiescence-maintaining con-

dition for post-culture of human HSPCs after NHEJ-based edit-

ing of the CD45 locus.

First, we investigated the numbers and surface marker

expression of human HSPCs in the short term after gene editing

(2 days). We used cord blood-derived CD34+CD38�CD45RA� or

CD34+CD38�CD45RA�CD90+ cells and compared four culture

conditions: the quiescence-maintaining condition, the UM171-

based condition, and two proliferative conditions (proliferative

condition 1 and proliferative condition 2) (Figure 7A). The editing

efficiency was evaluated according to human CD45 expression.
Figure 6. Quiescent culture is beneficial for HSCs edited by HDR

(A) Experimental design for HDR-based editing.

(B) Representative flow cytometry histogram of GFP expression.

(C) Total cell numbers 2 days after AAV6 transduction (mean ± SD, n = 3 from in

(D) Frequency of CD150+CD34� LSK cells 2 days after AAV6 transduction (mean

(E) Frequency of CD150+CD34�CD48� LSK cells 2 days after AAV6 transduction

(F) Number of CD150+CD34�CD48� LSK cells 2 days after AAV6 transduction (m

(G) Frequency of GFPhigh CD150+CD34� LSK cells 2 days after AAV6 transductio

(H) SLAM marker expression within the LSK fraction 2 days after AAV6 transduc

dependent cell cultures).

(I) Frequencies of GFPhigh and GFP�/low cells in G0 phase 2 days after AAV6 tran

(J) Number of colonies derived from GFPhigh LSK cells cultured under the quiesce

(mean ± SD, n = 3 per group).
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The total cell number was significantly lower under the quies-

cence-maintaining condition than under the other conditions

(Figure 7B). The frequency of CD34+EPCR+CD90+ cells, which

include cells with engraftment potential after ex vivo culture,73

was 40% under the UM171-based condition, which was the

highest frequency among the four culture conditions

(Figures 7C and S7A). However, the frequency of

CD34+EPCR+CD90+ cells was significantly higher under the

quiescence-maintaining condition than under proliferative con-

ditions 1 and 2 (Figure 7C). hCD45 was efficiently knocked out

under all culture conditions (Figure S7B). Cell cycle analysis re-

vealed that the frequency of cells in G0 phase was significantly

higher under the quiescence-maintaining condition than under

the UM171-based condition, proliferative condition 1, and prolif-

erative condition 2 (Figures 7D, S7C, and S7D). Thus, phenotypic

and quiescent human HSPCs were better maintained under the

quiescence-maintaining condition than under the proliferative

condition, although the frequency of CD34+EPCR+CD90+ cells

was lower under the quiescence-maintaining condition than un-

der the UM171-based condition.

Next we performed a colony assay using CD34+CD38�

CD45RA�CD90+ cells. Colony numbers were lower under the

quiescence-maintaining and UM171-based conditions than

under proliferative condition 1 and 2 (Figure 7E). However, the

number of colony-forming unit (CFU)-GEMMs was higher under

the quiescence-maintaining and UM171-based conditions than

under proliferative condition 2 (Figure 7E). This result was

confirmed using another cord blood sample (Figure S7E). These

results suggest that the quiescence-maintaining and UM171-

based conditions sustain more primitive cells than proliferative

condition 2.

Finally, we tested the effect of the quiescence-maintaining

condition in the longer term (day 7 after editing). The number

of cultured cells was significantly lower under the quiescence-

maintaining condition than under proliferative condition 1

(Figure 7F). The frequency of CD34+ cells was significantly higher

under the quiescence-maintaining condition (Figure S7F).

hCD45 expression was efficiently decreased in both culture con-

ditions (Figure S7G). Accordingly, the frequency of CD34+CD45�

cells was significantly higher under the quiescence-maintaining

condition than under proliferative condition 1 (Figure 7G).

These results show that phenotypic and quiescent human

HSPCs are maintained better under the quiescence-maintaining

condition than under the proliferative condition in the short and

long term after NHEJ-based gene editing.
dependent cell cultures).

± SD, n = 3 from independent cell cultures).

(mean ± SD, n = 3 from independent cell cultures).

ean ± SD, n = 3 from independent cell cultures).

n (mean ± SD, n = 3 from independent cell cultures).

tion in GFP�/low cells (left) and GFPhigh cells (right) (mean ± SD, n = 3 from in-

sduction (mean ± SD, n = 3 from independent cell cultures).
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Figure 7. Quiescent culture reverts human HSPCs to quiescence and maintains their primitive state after NHEJ-based editing

(A) Experimental design for editing human HSPCs.

(B) Total number of genome-edited CD34+CD38�CD45RA� cells 2 days after electroporation (mean ± SD, n = 3–6 from independent cell cultures).

(legend continued on next page)
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DISCUSSION

Through an analysis of quiescence in genome-edited HSCs, we

present approaches for ex vivo study of quiescence in HSCs that

do not require knockout mice. In this study, we demonstrated

that (1) the genome editing efficiency of HSCs is primarily depen-

dent on preculture but not post-culture conditions because of

improvement of RNP transport to the nucleus, (2) quiescence-

maintaining post-culture maintains the undifferentiated state of

HSCs edited by NHEJ or HDR and reverts these cells to a quies-

cent state, and (3) this method can be applied to human HSPCs.

HSCs are quiescent compared with progenitors.1,2 Recent ad-

vances in culture methods revealed that maintenance of HSCs in

quiescence in vitro helps retain their function.56–58 Furthermore,

Shin et al.31 used genome editing in combination with mTOR and

GSK3 inhibitors and showed that pharmacological control of the

cell cycle effectively increases the HDR/NHEJ ratio in human

mobilized peripheral blood CD34+ HSPCs.

These reports and our study provide an alternative approach to

that used in another study, which performed highly efficient

genome editing of HSCs under proliferative conditions using

PVA-based medium.65 One advantage of our approach is that

HSCs are maintained in a more physiological condition with less

proliferation in the absence of chemical compounds, and the

frequency (>30%) of pHSCs among total cells is higher, which en-

ables the functions of genes specifically relevant for quiescence of

HSCs tobe studied.Koide et al.74 reported that the surfacemarker

phenotype of HSCs (CD48� LSK cells) cultured under the PVA-

based condition reflects their in vivo repopulation capacity.74

This suggests that retaining the HSC phenotype after genome

editing is an alternative approach to maintaining functional

HSCs. Notably, re-entry into quiescence requires adjustment of

the concentrations of only two essential cytokines for HSCs

(SCF and TPO). RNA-seq data indicated that reversion to quies-

cence after genome editing occurred in the early phase, and this

was beneficial for maintaining HSC function compared with the

proliferative condition. Considering the transcriptional alteration

after genome editing, additional factors relevant to HSC quies-

cence, such as small-molecule compounds and transforming

growth factor b,75,76 may further improve the properties of edited

HSCs so that they are more similar to fresh quiescent HSCs.

Only limited studies have performedHSC-specialized genome

editing,31,51,65,77 and there is room to improve the genome edit-

ing conditions for HSCs. Although HDR occurs exclusively

during S/G2/M phases, our data suggest that genome editing

via NHEJ also positively correlates with the cell cycle. It has

been reported that transfected plasmid DNA is incorporated

into the nucleus during telophase.78 Preculture is generally

used for lentiviral transduction of HSCs. These observations
(C) Frequency of CD34+EPCR+CD90+ cells among genome-edited CD34+CD38

pendent cell cultures).

(D) Frequency of cells in G0 phase derived from genome-editedCD34+CD38�CD4
cultures).

(E) Number of colonies formed by genome-edited CD34+CD38�CD45RA�CD90+

(F) Total number of genome-edited CD34+CD38�CD45RA�CD90+ cells 7 days a

(G) Frequency of CD34+CD45� cells among genome-edited CD34+CD38�CD45R
cell cultures).
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suggest that nuclear delivery of exogenous DNA may be related

to the cell cycle or cell division. In the setting of genome editing,

the transfection efficiency of RNP determines the editing

outcome in human CD34+ HSPCs.79 Interestingly, preculture

dramatically improved delivery of RNP to the nucleus, and the

transfection efficiency also increased, but this effect wasmoder-

ate. This is attributed to the activation of cytosol-nucleus trans-

port by preculture and improved delivery of RNP to the

nucleus.80

Edited HSCs subjected to quiescence-maintaining post-cul-

ture showed relatively low donor-derived chimerism early after

transplantation of day 11 and alteration of the transcriptome

following genome editing. These differences from fresh HSCs

indicate that further improvements in quiescence-maintaining

culture as well as preculture or electroporation conditions are

needed. Preculture might negatively affect HSC function based

on the finding that day 7-mock HSCs formed a different cluster

from day 7-CRISPR-quiescent HSCs in transcriptome analysis.

To prevent proliferation and differentiation of HSCs, several

compounds, such as PVA,65 UM171,81 and an mTOR inhibitor,31

have been introduced for genome editing to maintain and/or

expand primitive HSPCs. Alternatively, Seki and Rutz82 reported

that IL-7 improves the transfection efficiency and gene knockout

efficiency of resting mouse and human T cells without increasing

expression of differentiationmarkers during preculture. This sug-

gests that the original phenotype and quiescencemight bemain-

tained by optimization of the preculture conditions. In future

studies, it may be valuable to test similar approaches for quies-

cent HSCs, such as a new preculture condition that avoids loss

of quiescence or electroporation of nuclear transport proteins

together with RNP.

The present study established and optimized a platform to

reintroduce HSCs that have been cultured in proliferation condi-

tions for genome editing back to a quiescent state using physio-

logical factors composed of the BM environment, such as fatty

acids, low cytokines, and hypoxia. This method facilitates study

of the biology and gene function in quiescent HSCs.

Limitations of the study
Our study has several limitations that should be considered in its

interpretation. First, the methods reported here did not improve

editing efficiency over that of a previous report,35 but we demon-

strated how preculture improved the gene editing efficiency. As

shown in Figures 2B and 2C, HSC editing efficiency is defined by

preculture conditions (Figures 2B and 2C), suggesting that

further improvements in preculture conditions could further in-

crease editing efficiency. Second, we did not precisely deter-

mine when HSCs regain quiescence after gene editing. Based

on cell cycle analysis (Figures S3D and S4D), the cell cycle
�CD45RA� cells 2 days after electroporation (mean ± SD, n = 3–6 from inde-

5RA� cells 2 days after electroporation (mean ±SD, n = 3 from independent cell

cells (mean ± SD, n = 3 per group).

fter electroporation (mean ± SD, n = 3 from independent cell cultures).

A�CD90+ cells 7 days after electroporation (mean ±SD, n = 3 from independent
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begins to slow 2 days post-editing, and the edited HSCs return to

a more dormant state over the following 5 days. Defining the cell

cycle kinetics of HSCs ex vivo will be important in determining

when HSCs regain quiescence after editing. This will be investi-

gated in future studies using G0 reporters.6 Third, engraftment

capacity was not improved over that of proliferative conven-

tional/PVA-based conditions55 under short-term (day 2 post-

electroporation) or long-term (day 10 post-electroporation)

culture in quiescence-maintaining conditions after gene editing

(Figures 5 and S5). Importantly, the chimerism of genome-edited

HSCs in quiescence-maintaining conditions was comparable

with that of fresh HSCs (day 3 transplantation) or culture-only

HSCs (day 11 transplantation) and superior to that of proliferative

conditions in long-term culture. This suggests that our method

has similar engraftment capacity and poses further benefits for

longer periods of time. Further optimization of culture conditions

could improve engraftment capacity after gene editing. Fourth,

the in vitro functions of HDR-edited mouse HSCs and HDR-edi-

ted human HSCs were successfully restored to the quiescent

state (Figures 6I and 7D), but their transplantation capacity

was not assessed. This will be evaluated in imminent future

studies, as the application of our approach to clinical settings

is our long-term objective. Finally, in HDR experiments, the

frequency of CD150+CD48�LSK cells was lower in the GFPhigh

fraction than in the GFP�/low fraction (Figure 6H). Undifferenti-

ated cells may have low HDR efficiency, or GFPhigh HSCs (edited

by HDR) could be more prone to differentiation than GFP�/low

HSCs. We have developed a platform that should enable the

study of mouse and human HSC quiescence after gene editing

by NHEJ. To clarify how the quiescence-maintaining post-cul-

ture condition affects the in vivo function of HDR-edited mouse

and human HSCs, BM transplantation using HDR-edited HSCs

should be evaluated in future studies.
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kubo (keiyot@gmail.com).

MATERIALS AVAILABILITY

This study did not generate new unique reagents.

Data and code availability
d The RNA-seq data reported in this paper have been deposited at DNA Data Bank of Japan (DDBJ) (accession number:

DRA014998) and is available at the time of publication.
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d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J mice (8–19 weeks old, purchased from SLC Japan or CLEA Japan) were used in all experiments, unless otherwise stated.

C57BL/6-Ly5.1 congenic mice purchased fromCLEA Japan were used for competitive repopulation assays. Ubc-GFP reporter mice

(C57BL/6-Tg(Ubc-GFP)30Scha/J)89 were purchased from The Jackson Laboratory. All mice were bred in the animal facility at the

National Center for Global Health and Medicine under specific pathogen-free conditions and fed ad libitum. Mice were euthanized

by cervical dislocation. Animal experiments were approved by the National Center for Global Health and Medicine. Both male and

female mice were used in experiments.

Preparation of human CD34+ cord blood cells
Cord blood was collected with written informed consent from the mother before delivery at the Japanese Red Cross Cord Blood

Bank. Cord blood experiments were approved by the ethical committees of the Japanese Red Cross Cord Blood Bank and National

Center for Global Health and Medicine. The sample was processed using Lymphoprep (GE Healthcare) density gradient medium to

isolate mononuclear cells. CD34 enrichment was performed bymagnetic cell separation using aMACSCD34Microbead Kit (Miltenyi

Biotec). CD34+ enriched cells were frozen until use. Frozen cells were thawed in vials in a 37�Cwater bath and transferred to a 15 mL

tube. RPMI-1640 medium containing 10% fetal calf serum (FCS) was slowly added to the suspension while gently swirling to fill the

tube. The suspension was centrifuged at 200 3 g for 15 min at room temperature. Supernatants were aspirated and the wash step

was repeated. An antibody cocktail (50 mL of phosphate-buffered saline (PBS) containing 2%FCS plus 10 mL of anti-CD34-FITC, 2 mL

of anti-CD38-PerCP-Cy5.5, 5 mL of anti-CD90-PE-Cy7, and 10 mL of anti-CD45RA-PE) was added to the suspension and kept on ice

for 30 min. Cells were washed once with PBS containing 2% FCS and resuspended in PBS containing 2% FCS supplemented with

0.1% propidium iodide (PI). Cells were sorted into StemSpan SFEM-I using a FACSAria IIIu instrument.

METHOD DETAILS

Cell preparation
Mouse BM cells were isolated from both femurs, tibiae, and the pelvis. Femurs, tibiae, and the pelvis were flushed with PBS contain-

ing 2% FCS using a 21-gauge needle (Terumo) and a 10 mL syringe (Terumo) to collect the BM plug. The plug was dispersed by

repeatedly passing it through the needle. The suspension was centrifuged at 680 3 g for 5 min at 4�C. Cells were then lysed with

lysis buffer (0.17 M NH4Cl, 1 mM EDTA, and 10 mM NaHCO3) on ice for 1 min, washed with two volumes of PBS containing 2%

FCS, and centrifuged at 6803 g for 5 min at 4�C. Cells were resuspended in PBS containing 2% FCS, filtered through a 40 mm nylon

mesh (BD Biosciences), centrifuged at 6803 g for 5 min at 4�C, and treated with an anti-CD16/32 antibody to block the Fc receptor

(2 mL/mouse) for 5 min at 4�C. Thereafter, anti-c-Kit magnetic beads (Miltenyi) were added at a vol/vol ratio of 1/5 to 1/10, and sam-

ples were incubated for 15 min at 4�C. After two washes with PBS containing 2% FCS to remove the antibody, c-Kit+ cells were iso-

lated using Auto-MACS Pro (Miltenyi) and the Possel-S program. Isolated cells were centrifuged at 3403 g for 5 min and stained with

antibodies for flow cytometry.

Cell culture
For mouse HSPCs, SF-O3 medium (Sekisui Medical), StemSpan SFEM-I (STEMCELL Technologies), custom medium (GMEP), and

HemaEx-Type9Amedium (Cell Science and Technology) were used for cell sorting and editing experiments, and all media were sup-

plemented with 1% penicillin/streptomycin. SF-O3, StemSpan SFEM-I, and custommedium was used for culture under proliferative

conditions. HemaEx-Type9A medium was used for culture under PVA-based conditions after supplementation with cytokines, 1%

recombinant human insulin, recombinant human transferrin, sodium selenite, and ethanolamine (ITSE) (Thermo Fisher Scientific).

Custom medium was used for culture under quiescence-maintaining condition as previously reported with slight modifications.57,90

Briefly, custom medium was DMEM/F-12 containing 4% w/v BSA (Sigma-Aldrich), 100 mg/mL palmitic acid (Wako Pure Chemical

Corporation), 100 mg/mL oleic acid (Sigma-Aldrich), and 20 mg/mL cholesterol (Sigma-Aldrich) adjusted to pH 7.6 ± 0.1 using

NaOH (Wako Pure Chemical Corporation). Sodium pyruvate was excluded and 1 mM sodium lactate was added. Cytokines,

55 mM 2-mercaptoethanol (Thermo Fisher Scientific), and 0.1% ITSE were added to custom medium before culture. The cytokine

conditions were 0.5–1.5 ng/mL SCF and 1 ng/mL TPO for the quiescence-maintaining condition, 50–100 ng/mL SCF and 50–

100 ng/mL TPO for the proliferative condition, and 10 ng/mL SCF and 100 ng/mL TPO in a fibronectin-coated plate for the PVA-based

condition. For culture of GMPs under the proliferative condition, 100 ng/mL SCF and 5 ng/mL G-CSF were used. Custom medium

lacking 4% BSA was added to dilute cells with/without electroporation and attained the desired number of cells per well in 10 mL,

which was dispensed into 200 mL of culture medium. Culture conditions were 1% O2 and 5% CO2 or 20% O2 and 5% CO2 at

37�C in appropriate humidified incubators. For 7 days cultures, the medium was not changed. For longer periods of culture

(10 days), 150–170 mL of medium was changed every day.
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For human HSPCs, cells were cultured in SFEM-I containing 100 ng/mL human SCF (hSCF), 100 ng/mL TPO, 100 ng/mL human

FLT3L (hFLT3L), and 35 nM UM171 in 1% O2 for 48 h before electroporation. The post-culture conditions were medium containing

4% BSA supplemented with 3.0 ng/mL hSCF and 3.0 ng/mL TPO in 1% O2 for the quiescence-maintaining condition, SFEM-I con-

taining 100 ng/mL hSCF, 50 ng/mL TPO, 100 ng/mL hFLT3L, and 35 nM UM171 in 20% O2 for the UM171-based condition, and

SFEM-I or SF-O3 containing 100 ng/mL hSCF, 100 ng/mL TPO, 100 ng/mL hFLT3L, 20 ng/mL human IL-3, and 20 ng/mL IL-6 in

20% O2 for the proliferative condition.

Flow cytometry and cell sorting
After selecting c-Kit+ cells using magnetic beads, the murine HSPC fraction was labeled as follows. For staining of C57BL/6J mice,

lineage marker (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, c-Kit-APC-Cy7, Sca-1-PE-Cy7, Sca-1-BV785, CD150-PE,

CD150-BV421, CD48-FITC, EPCR-PE, Flt3-APC, FcgRII/III-Alexa Fluor 700, andCD34-FITCwere used. For staining of Ubc-GFP and

Evi1-IRES-GFP mice, lineage marker (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, c-Kit-APC-Cy7, Sca-1-PE-Cy7,

CD150-BV421, CD48-PE, and Flt3-APC were used. A total of 0.5 mL of each antibody was used per mouse. Cells were resuspended

in 0.5–2 mL of PBS containing 2% FCS and 0.1% PI, and sorted using an FACSAria IIIu instrument into SF-O3 medium or StemSpan

SFEM-I. Murine HSCs were defined as CD150+CD48-Flt3�LSK91 or CD150+CD34�LSK.55 MPPs were sub-fractionated into MPP1

(CD150�CD48-Flt3�LSK), MPP2 (CD150+CD48+Flt3�LSK), MPP3 (CD150�CD48+Flt3- LSK), and MPP4 (Flt3+LSK). Myeloid and

lymphoid progenitors were defined as CMPs (Lin�CD34+FcgRII/III�), GMPs (Lin�CD34+FcgRII/III+), MEPs (Lin�CD34�FcgRII/III�),
and CLPs (Lin�Sca-1lowc-KitlowIL-7R+). Data were analyzed using FlowJoTM software.

In vitro sgRNA synthesis
The sgRNA target sequences were determined based on previous reports for Rosa26-1,60 andGFP.35 The target sequences of CD45

were determined by reference to benchling (https://www.benchling.com). Each sgRNA was synthesized in vitro using a CUGA7

gRNA Synthesis Kit (Nippon Gene) following the manufacturer’s instructions. Briefly, to generate template DNA, PCRwas performed

using ExTaq (TaKaRa Bio Inc.) and three primers, namely, a sgRNA common primer, a sgRNA reverse primer, and each forward

primer including the T7 promoter and target sequence. To achieve optimal transcription by the T7 RNA promoter in the CUGA 7

enzyme reaction, guanine was added to the beginning of the target sequence if it did not already start with guanine. The PCR con-

ditions were 98�C for 3 min, followed by 35 cycles of 98�C for 30 s, 60�C for 30 s, and 72�C for 30 s, and then 72�C for 3 min for final

extension. To synthesize sgRNA, template DNA was incubated with CUGA7 Enzyme Solution at 37�C for 2 h, and then at 37�C for

15 min after addition of 2 mL of DNase I to remove template DNA (final volume 22 mL). To avoid decreasing the sgRNA yield, 578 mL of

gRNA Binding Buffer was added and thoroughly mixed. Six hundred microliters of the mixture was applied to a spin column and

centrifuged at 16,000 g for 1 min at 4�C. The column was washed by adding 750 mL of gRNA Wash Buffer and the centrifugation

was repeated. To elute sgRNA, the spin column was centrifuged after reaction with 20 mL of RNase-free water at room temperature

for 3 min. The sgRNA concentration was determined using a NanoDrop Onec instrument (Thermo Fisher Scientific). sgRNA was

diluted to a concentration of 1.5 mg/mL and cryopreserved at �80�C until use.

Chemically modified sgRNAs
Chemically modified sgRNAs with three terminal nucleotides at both the 50 and 30 ends containing 20 O-methyl 30 phosphonothioate
were purchased from Synthego.

CRISPR-Cas9
Cells sorted using a FACSAria IIIu instrument were cultured in SF-O3 medium or SFEM-I supplemented with 50 ng/mL SCF and

50 ng/mL TPO (preculture medium) in 20% O2 and 5% CO2 for 16–24 h. For most experiments, 1.0–3.03104 HSCs were sorted

and precultured in a 96-well plate or 12-well dish at a density lower than 1.03105/mL. RNP complex preparation and the electropo-

ration conditions were previously described.35 In brief, 3 mg of Cas9 protein (Thermo Fisher Scientific, TrueCut Cas9 Protein v2) and

3 mg of sgRNA were incubated for 15 min at room temperature in a final volume of 6 mL and kept at 4�C until use. Cultured cells were

resuspended in 30 mL of Buffer T and added to the RNP to yield a total volume of 36 mL. Cells were electroporated using the Neon

Transfection System (Thermo Fisher Scientific) and the following conditions: 1700 V, 20 ms, and one pulse for mouse HSPCs and

1600 V, 10 ms, and three pulses for human HSPCs. Alternatively, a Lonza Nucleofector 2b (program: U-008) and a CD34+ Cell Nu-

cleofector Kit (PVA-1003, Lonza) were used for nucleofection. Cell suspension was transferred to post-culture medium.

Evaluation of gene editing efficiency
The knockout efficiencies of CD45 and GFP were compared with that of Rosa using FACSAria IIIu and MACSQuant instruments.

Mock cells were also analyzed. For staining of C57BL/6J mice, lineage marker (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-

Cy5.5, c-Kit-APC-Cy7, Sca-1-PE-Cy7, CD150-PE, CD48-FITC, CD34-BV421, CD45-FITC, and CD45-BV421 were used. For staining

of Ubc-GFP and Evi1-IRES-GFPmice, lineagemarker (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, c-Kit-APC-Cy7, Sca-

1-PE-Cy7, CD150-PE, CD48-APC, and CD45-BV421 were used. To evaluate the gene editing efficiency, genomic DNA was

extracted from cells using NucleoSpin Tissue XS (Macherey Nagel) or QuickExtract DNA Extraction Solution (Epicentre) at 2–

3 days after electroporation. To evaluate homozygous or heterozygous mutations, single cell-derived colonies was picked at
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7 days after culture inMethoCult and DNAwas extracted. PCRwas performed usingQ5High-Fidelity DNAPolymerase (NewEngland

BioLabs) and the following conditions: 98�C for 30 s, followed by 35 cycles of 98�C for 10 s, 67�C for 30 s, and 72�C for 30 s, and then

72�C for 2 min for final extension. PCR products were purified using Wizard SV Gels and the PCR Clean-Up System (Promega)

following the manufacturer’s instructions. The TIDE assay85 was performed for sequencing data of each PCR product obtained

by Sanger sequencing. The sgRNA with the best editing efficiency was used in subsequent experiments.

Evaluation of the transfection efficiency of RNP
ATT550-labeled or non-labeled tracrRNA and crRNAwere purchased from IDT. tracRNA and crRNA were duplexed according to the

manufacturer’s recommendation. For staining of LSK cells, lineage marker (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5,

c-Kit-APC-Cy7, and Sca-1-BV785 were used. Fresh or precultured LSK cells were electroporated with ATT550-labeled or non-

labeled RNP. Mock-electroporated cells were prepared. Cells were cultured under the proliferative condition and stained with

DAPI before analysis. The frequency of ATTO550+ cells was determined by comparison with samples treated with non-labeled

RNP as a negative control.

AAV6 production and AAV infection
The AAV Hepler Free System (Takara Bio Inc) was used to produce AAV6. In brief, AAV6 vector plasmids were cloned into the pAAV-

CMV plasmid containing ITRs from AAV serotype 2. The vector contained 400 bp homology arms flanking the CRISRP-Cas9 cut site

and a reporter gene (EGFP) under the control of theCAGpromoter followed by polyA. AAV6 particles were produced in AAV293T cells

transfected with the pRC6 vector containing the Cap gene and the pHelper vector containing helper genes using the standard PEI

transfection protocol. AAV293T cells were harvested after 72 h AAV6 was purified using a AAVpro Purification Kit (Takara Bio Inc.)

according to the manufacturer’s instructions and stored at �80�C until use. Alternative method was also used as previously

described.92 AAV6 virus was titered by measuring the number of vector genomes using qPCR as described previously.83 For

HDR-based editing experiments, electroporated cells without RNP (mock) were immediately added to 100 mL of StemSpan

SFEM-I containing 100 ng/mL SCF and 100 ng/mL TPO at 37�C. The AAV volumewas kept lower than 20%of the total culture volume

as previously reported.93 Fresh medium was added after overnight culture, and the medium was changed to the post-culture con-

dition at 24 h after transduction. A mock-electroporated control was included in most experiments and a MOI (vector genomes/cell)

of 10,000–50,000 was used. Proper integration of the AAV donor DNA into the genomic Rosa locus was confirmed by PCR with a

forward primer that recognized the AAV construct (within EGFP) and a reverse primer that recognized the genome (in Rosa).

EdU incorporation assay
EdU (Tokyo Chemical Industry) was diluted to a concentration of 5mg/mL (in vivomaster stock) or 10mM (in vitromaster stock) using

PBS and preserved at �30�C. For the in vivo EdU assay, 1 mg of EdU (200 mL from the master stock) was intra-orbitally injected per

mouse. After labeling for 2 h, mice were sacrificed, BMMNCs were isolated, and Fc block was performed as described in the cell

preparation section. For the in vitro EdU assay, the 10 mM stock of EdU was added to the culture medium at a final concentration

of 10 mM and incubated at 37�C for 2 h. Anti-lineage (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, anti-c-Kit-APC-Cy7,

anti-Sca-1-Alexa Fluor 488, anti-CD150-BV785, anti-CD48-BV510, anti-CD48-Biotin, anti-Streptavidin-Alexa Fluor 555, anti-CD45-

BV421, and anti-CD45-BV786 were used to detect surface antigens. After staining, cells were fixed at 4�C for 20 min and permea-

bilized at room temperature for 15 min using BD Cytofix/Cytoperm buffer (Thermo Fisher Scientific). To collect all cultured cells, cells

were centrifuged at 5000 rpm for 5 min after fixation. For the click reaction, cells were incubated with AFDye 647 picolyl azide (Click

Chemistry Tools), 2 mM THPTA (Click Chemistry Tools), 2 mM CuSO4 (Tokyo Chemical Industry), and 10 mM ascorbic acid (Tokyo

Chemical Industry) (final volume 250 mL/sample) at 37�C for 30 min in the dark. Ascorbic acid was freshly prepared for each exper-

iment. Cells were washed with Cytoperm buffer, filtered, and analyzed with a BD FACSAria IIIu instrument. A fluorescence minus one

(FMO) sample of AFDye647 was prepared for each experiment. Alternatively, a Click-iT EdU cell Proliferation Kit (ThermoFisher Sci-

entific) was used. For surface marker staining, anti-lineage (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, anti-c-Kit-APC-

Cy7, anti-Sca-1-BV785, anti-CD150-BV421, anti-CD48-FITC, anti-CD45-Biotin, and anti-Streptavidin-Alexa Fluor 555 were used.

Cell cycle analysis
Hoechst 33,342 and Ki-67-eFlour660 (for mouse HSPCs) or Ki-67-FITC (for human HSPCs) were used to analyze the cell cycle.

BMMNCs were treated with Fc block (2 mL/sample) for 10 min at 4�C. Anti-lineage (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-

PerCP-Cy5.5, anti-c-Kit-APC-Cy7, anti-Sca-1-PE-Cy7, anti-CD150-PE, anti-FcgR-PE, anti-CD48-FITC, and anti-CD34-FITC were

used to detect surface antigens. Stained samples were washed and centrifuged at 340 g at 4�C for 5 min. Cells were fixed and per-

meabilized using BD Cytofix/Cytoperm, according to the manufacturer’s instructions. Samples were washed and suspended in

250 mL of PBS containing 2% FCS together with 10 mg/mL Hoechst 33342, filtered, and analyzed with a BD FACSAria IIIu instrument.

Apoptosis analysis
Cultured HSCs were stained with DAPI (Invitrogen) and Annexin V-APC (BioLegend), according to the manufacturers’ instructions.

Cells were resuspended in 250 mL of PBS containing 2% FCS and 0.1% PI. Apoptotic (Annexin V+) cells were detected using a BD

FACSAria IIIu instrument.
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Colony-forming assay
For mouse HSPCs, total cells derived from 500 edited LSK cells were added to 3mL of MethoCult M3434 (STEMCELL Technologies)

and plated in triplicate. For human HSPCs, total cells derived from 500 edited CD34+CD38�CD45RA�CD90+ cells were added to

4 mL of MethoCult H4434 (STEMCELL Technologies) and plated in triplicate. Plates were incubated at 37�C in 5%CO2. The number

of colonies in each sample was scored at 7 days (for mouse HSPCs) or 14 days (for human HSPCs).

Single-cell colony formation assay
HSCs were precultured and CRISPR-Cas9 was performed using CD45-sgRNA. Edited cells were cultured under the proliferative

condition (50 ng/mL SCF and 50 ng/mL TPO) in 20% O2 or quiescence-maintaining condition (0.5–1.5 ng/mL SCF and 1 ng/mL

TPO) in 1% O2. CD45
� HSCs were sorted into single cells at 7 days after electroporation and their colony forming capacity was

compared with that of freshly isolated HSCs upon culture in the presence of 20 ng/mL SCF and 20 ng/mL TPO in 20% O2 for

10 days. Colony size was defined by the total number of live cells within each well, which was calculated from the raw cell count using

a MACSQuant instrument.

cDNA synthesis and RT-qPCR
Edited LSK cells were sorted at 6 h after electroporation. Total RNA was extracted using an RNeasy Mini Kit (Qiagen). Complemen-

tary DNA was reverse-transcribed using Superscript VILO (Invitrogen). qPCR was performed using SYBR Premix ExTaq IIa (TaKaRa

Bio) according to the manufacturer’s instructions. Gene expression levels were measured using the ABI 7500 Fast Real-Time PCR

System with TaqMan Gene Expression Assay Mixes (Applied Biosystems) under the following conditions: 95�C for 10 s followed by

40 cycles of 95�C for 5 s and 60�C for 34 s. Expression levels were determined as 2^ (Ct value�mean Ct value of b-actin) and normal-

ized against those in mock-electroporated samples as a control, unless otherwise stated.

BM transplantation
Genome-edited HSCs (CD150+CD48-Flt3- LSK cells) fromUbc-GFPmice were used as donor cells. For BM transplantation of ex vivo

cultured HSCs, cells were transplanted at day 10 (medium change every day) after electroporation. Donor cells were retro-orbitally

transplanted together with 0.5 3 106 BMMNCs from untreated C57BL/6-Ly5.1 mice. Donor cells were transplanted into C57BL/6-

Ly5.1 congenic recipientmice that had been lethally irradiated (9.0Gy using anMBR-1520R instrument fromHitachi Power Solutions,

125 kV, 10 mA, 0.5 mm Al filter, and 0.2 mm Cu filter) with sevoflurane anesthesia. At 1, 2, 3, and 4 months after BM transplantation,

peripheral blood was collected, and the percentage of donor-derived cells and their differentiation status were determined using a

MACSQuant instrument. Forty to eighty microliters of peripheral blood was sampled from the retro-orbital plexus using heparinized

glass capillary tubes (Drummond Scientific) and suspended in 1 mL of PBS containing heparin. To analyze white blood cells, the

blood suspension was centrifuged at 340 3 g for 3 min. The supernatant was discarded and the pellet was resuspended in 1 mL

of PBS containing 1.2% w/v dextran (200 kDa, Nacalai Tesque) for 45–60 min at room temperature. The sample was centrifuged

at 340 3 g for 3 min, and the pellet was resuspended in 0.17 M NH4Cl solution to lyse residual red blood cells for 5–10 min until

the suspension became clear. Cells were resuspended in 50 mL of PBS containing 2% FCS and 0.3 mL of Fc block. Surface antigens

were stained using the following antibody panel: Gr1-PE-Cy7, Mac-1-PE-Cy7, B220-APC, CD4-PerCP-Cy5.5, CD8a-PerCP-Cy5.5,

CD45.1-PE, and CD45.2-BV421 for Ubc-GFP mice. A total of 0.3 mL of each antibody was added per sample. The frequency of

donor-derived cells was calculated using the following equation:

100 x donor-derived (Ly5.2+Ly5.1-) cells (%)/(donor-derived cells (%) + competitor- or recipient-derived (Ly5.2-Ly5.1+) cells (%)).

Myeloid cells, B cells, T cells, and red blood cells were Gr-1+ orMac-1+, B220+, CD4+ or CD8+, and Ter119+, respectively. Total cell

chimerism represents the frequency of donor-derived Ly5.2+Ly5.1- cells (for fresh and mock-edited cells) or GFP�Ly5.2+Ly5.1- cells
(for RNP-edited cells) over the frequency of Ly5.2-Ly5.1+ cells relative to total mononuclear or non-lysed cells. At 4 months after BM

transplantation, the frequency of donor-derived cells in BM was determined using one femur and tibia per recipient. After counting

BM cells using a TC10 automated counter (Bio-Rad), equal volumes of cell suspensions (20–30%of total volume) from each recipient

were pooled and 23 106 cells were resuspended in PBS containing 2% FCS. The cell suspension (200 mL/recipient) was retro-orbi-

tally injected into lethally (9.0 Gy) irradiated Ly5.1+ recipients using a 1mL syringe and 27-gauge needle. Remaining cells were stained

to assess BM chimerism. For BM analysis, anti-lineage-PerCP-Cy5.5, anti-c-Kit-APC-Cy7, anti-Sca-1-PE-Cy7, anti-CD150-BV421,

anti-CD48-APC, anti-Ly5.1-PE, and anti-Ly5.2-Alexa Fluor 700 were used to detect surface antigens. A total of 1 mL of each antibody

was added per sample. To determine the genome editing efficiency after transplantation, donor-derived cells were sorted and eval-

uated by TIDE (see evaluation of gene editing efficiency).

Immunocytochemistry
LSK cells electroporated with ATTO550-labeled or non-labeled gRNA were cytospin and fixed in 4% paraformaldehyde. Nuclei were

identified by DAPI. Confocal immunofluorescence microscopy was performed with a confocal laser scanning microscope (LSM880;

Zeiss). Imageswere analyzed using Imaris 9.8.2 software (Oxford Instruments) according to themanufacturer’s instructions. For visu-

alization, confocal images were rendered into 3D volumes and represented as a maximum intensity projection, unless indicated

otherwise. To quantify delivery of RNP to the nucleus, confocal images were rendered into 2D with Ortho Slicer mode. Then, the

co-localization area of DAPI (nucleus) and ATTO550 (RNP) was calculated using the following equation:
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100 x area of ATTO550 that colocalized with DAPI (%)/total area of ATTO550 (%)

Non-labeled gRNA was used as a negative control.

Transmission electron microscopy
Transmission Electron Microscopy was conducted as previously described with some modifications.94 To image small number of

FACS sorted cells, cells were pre-stained with Evans blue for better detection of cell pellet.95 Cell pellets were processed and

embedded in Araldite resin and sectioned at 80nm using ultramicrotome Leica Ultracut UCT microtome. Sections were placed on

a 200 mesh copper grid and imaged by JEOL JEM-1400Plus. The number of nuclear pores was counted using ImageJ.

RNA-seq and data analysis
Libraries for RNA-seqwere prepared using 3000 freshly isolated EPCR+ HSCs and the LSK fraction of cultured cells. Cells were lysed

in 350 mL of RLT buffer from a RNeasy kit plus 7 mL of 2-mercaptoethanol and stored at �80�C until use. Total RNA was extracted

using an RNeasy PlusMicro Kit (Qiagen) and cDNAwas synthesized using an SMART-Seq HT Kit for Sequencing (Clontech). Double-

stranded cDNA was fragmented using an S220 Focused-ultrasonicator (Covaris) and cDNA libraries were generated using a

NEBNext Ultra DNA Library Prep Kit (New England BioLabs). Sequencing was performed using a HiSeq1500 system (Illumina)

with a single-read sequencing length of 60 bp. Sequences were aligned to the mouse genome (mm10) with the annotation data

from iGenomes (Illumina) using Hisat2. Mapped reads were counted using StringTie. Downstream analyses were performed using

R (v4.1.0) programs.96 Count data were normalized and analyzed using DESeq2 (v1.30.1)86 to detect differentially expressed genes.

PCA was performed using the prcomp function for 500 genes with the highest variation among samples after transforming the raw

count data using the vst function from the DESeq2 package. GSEAwas performed using the fGSEA (v1.16.0) package97 with the rank

statistics according to the log fold changes of the DESeq2 results. GSVAwere performed using the GSVA package.88 Gene sets sub-

jected to fGSEA or GSVA were downloaded from MsigDB (https://www.gsea-msigdborg/gsea/msigdb). Custom gene sets were

generated to investigate HSPC-related gene set enrichment (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data are presented asmeans ±SD, unless otherwise stated. Formultiple comparisons, statistical significancewas determined by the

Tukey-Kramer multiple comparisons test. An unpaired two-tailed Student’s t test was used for experiments with two groups.

*p < 0.05, **p < 0.01, and ***p < 0.001. n.s., not significant.
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