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Naive Induced Pluripotent Stem Cells Generated
From 3-Thalassemia Fibroblasts Allow Efficient Gene
Correction With CRISPR/Cas9
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ABSTRACT

Conventional primed human embryonic stem cells and induced pluripotent stem cells (iPSCs) exhibit
molecular and biological characteristics distinct from pluripotent stem cells in the naive state. Al-
though naive pluripotent stem cells show much higher levels of self-renewal ability and multidiffer-
entiation capacity, it is unknown whether naive iPSCs can be generated directly from patient somatic
cells and will be superior to primed iPSCs. In the present study, we used an established 5i/L/FA system
to directly reprogram fibroblasts of a patient with $-thalassemia into transgene-free naive iPSCs with
molecular signatures of ground-state pluripotency. Furthermore, these naive iPSCs can efficiently pro-
duce cross-species chimeras. Importantly, using the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 nuclease genome editing system, these naive iPSCs ex-
hibit significantly improved gene-correction efficiencies compared with the corresponding primed
iPSCs. Furthermore, human naive iPSCs could be directly generated from noninvasively collected uri-
nary cells, which are easily acquired and thus represent an excellent cell resource for further clinical
trials. Therefore, our findings demonstrate the feasibility and superiority of using patient-specific
iPSCs in the naive state for disease modeling, gene editing, and future clinical therapy. STEM
CELLS TRANSLATIONAL MEDICINE 2016;5:8-19

SIGNIFICANCE

In the present study, transgene-free naive induced pluripotent stem cells (iPSCs) directly converted
from the fibroblasts of a patient with B-thalassemia in a defined culture system were generated.
These naive iPSCs, which show ground-state pluripotency, exhibited significantly improved single-
cell cloning ability, recovery capacity, and gene-targeting efficiency compared with conventional
primed iPSCs. These results provide an improved strategy for personalized treatment of genetic dis-
eases such as B-thalassemia.

chimeras [7, 11, 12]. Previous studies have also
suggested that human primed iPSCs and mouse

INTRODUCTION

Human embryonic stem cells (ESCs) and in-
duced pluripotent stem cells (iPSCs) derived
from embryos or via somatic cell reprogram-
ming [1-4], respectively, represent a primed
state of pluripotency similar to mouse epiblast
stem cells (EpiSCs) [5, 6] but distinct from the
naive pluripotent state of mouse ESCs and
iPSCs [7]. Several studies comparing naive
and primed pluripotent stem cells have indi-
cated that the two types of cells exhibit dif-
ferent molecular and functional properties,
including colony morphologies, single-cell pas-
sage abilities [7, 8], dependent signaling path-
ways [6, 9, 10], pluripotent gene expression
profiles, and, most important, mouse embryo
integration capacity to generate cross-species

EpiSCs can be converted to the naive ground
state via chemical manipulation or the over-
expression of specific transcription factors [12-17].
Recently, several groups have further modified
culture conditions to maintain human ESCs or
iPSCs in the naive ground state [12, 13, 15, 18].
In particular, the 5i/L/FA system, developed by
Jaenisch’s group, contains a combination of in-
hibitors and growth factors sufficient for the in-
duction and maintenance of the naive ground
state [15].

B-Thalassemia, an inherited blood disorder
characterized by reduced or absent synthesis of
hemoglobin (HB) subunit 8 (HB B chain), is one
of the most common genetic diseases worldwide.
The genetic mutations of B-thalassemia are
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diverse. The most common molecular defects are either point
mutations or small fragment deletions in the HBB gene that affect
MRNA assembly or translation. Individuals with B-thalassemia
major (also called Cooley’s anemia) develop severe microcytic
and hypochromic anemia, which always causes hepatosplenome-
galy, skeletal abnormalities during infancy, and a shortened life ex-
pectancy if untreated. Although the pathogenesis of B-thalassemia
has been extensively studied, no effective treatments are available
thus far.

The emergence of iPSC technologies and the development
of gene targeting strategies bring new hope for the treatment
of genetic diseases, including B-thalassemia [19, 20]. Recent
studies have shown that personalized iPSCs can be derived
from B-thalassemia patient fibroblasts via the induction of
transcription factors, and the mutations can be corrected using
a transcription activator-like effector nuclease or clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 nuclease (CRISPR/Cas9) system
[21-23]. However, these primed-state iPSCs derived from
B-thalassemia patient fibroblasts have shown extremely low
levels of single cell cloning efficiencies, thus impairing the sub-
sequent targeting efficiencies. Moreover, the extremely low
efficiencies in the recovery process also impede future clinical
manipulations of such patient-specific iPSCs.

In the present study, we successfully derived human
transgene-free naive iPSCs directly from B-thalassemia patient fi-
broblasts with transcription profiles and epigenetic signatures
similar to those of mouse ESCs or iPSCs. Significantimprovements
in mutation correction efficiencies were achieved using a CRISPR/
Cas9 editing system in these naive iPSCs, which are capable of he-
matopoietic differentiation. In addition, human naive iPSCs could
also be directly generated from noninvasively collected urinary
cells [24], which are easily acquired and thus represent an excel-
lent cell resource for further clinical trials. Thus, our study offersan
improved strategy for personalized treatment of B-thalassemia
and has important implications for the clinical use of human naive
iPSCs in the future.

MATERIALS AND METHODS

Animal Maintenance

All mice had free access to food and water. All experiments were
performed in accordance with the University of Health Guide for
the Care and Use of Laboratory Animals and were approved by the
Biological Research Ethics Committee of Tongji University.

Human Skin Tissue Acquisition

Human skin specimens were obtained from the Third Affiliated
Hospital, Guangzhou Medical College. The patients provided
informed consent for tissue donations, and the Biological Re-
search Ethics Committee of Tongji University approved the
study.

Generation of B-Thalassemia Patient Naive iPSCs

Fibroblasts were isolated from B-thalassemia patients carrying
the B-41/42 mutation. episomal vectors, including pCXLE-
hOCT3/4-shp53, pCXLE-hSOX2-KLF4, and pCXLE-hc-Myc-Lin28-
NANOG (Addgene, Cambridge, MA, http://www.addgene.org)
were transfected into 2 X 10° fibroblasts through electroporation
and were then cultured in conventional human embryonic stem
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cell medium (hESM) containing knockout Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Invitrogen, Carlsbad, CA, http://
www.invitrogen.com) supplemented with 20% Knockout Serum
Replacement (Invitrogen), 10 ng/ml basic fibroblast growth factor
(bFGF; PeproTech, Rocky Hill, NJ, http://www.peprotech.com),
10~ % M nonessential amino acids (EMD Millipore, Billerica, MA,
http://www.emdmillipore.com), 10~* M B-mercaptoethanol
(EMD Millipore), 2 mM L-glutamine (Invitrogen), and 50 ug/ml
penicillin/streptomycin (EMD Millipore) for 6 days. Then, the me-
dium was replaced with human naive medium (5i/L/FA medium)
and cultured for 14-20 days. Dome-shaped colonies similar to
mouse ESCs were selected and expanded by single cell passaging.

Karyotype Analysis

The iPSCs were incubated in culture medium containing 0.25 mg/ml
colcemid (Invitrogen) for 4 hours, and the cells were harvested by
Accutase (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com). After incubation in hypotonic solution containing 0.4% so-
dium citrate and 0.4% potassium chloride (1:1, vol/vol) at 37°C
for 5 minutes, the cells were fixed with a methanol/acetic acid mix-
ture (3:1, vol/vol) for 6 hours. The slides were digested with 0.8%
trypsin and stained with Giemsa for 10 minutes. At least 20 meta-
phase chromosome karyoschisis images were examined, and
G-band images were analyzed.

Quantitative Polymerase Chain Reaction Analysis

Total RNA was extracted from cells using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. cDNA synthe-
sis was performed with the M-MLV Reverse Transcriptase Kit
(Promega, Madison, WI, http://www.promega.com) in accor-
dance with the manufacturer’s instructions. Quantitative reverse
transcription-polymerase chain reaction (PCR) was performed
using SYBR Green PCR Master Mix (Takara, Otsu, Japan, http://
www.takara.co.jp), and signals were detected with ABI7500
Real-Time PCR System (Applied BioSystems, Foster City, CA,
http://www.appliedbiosystems.com).

Immunofluorescent Staining

For immunofluorescent staining, the cells were fixed with
phosphate-buffered saline (PBS) containing 4% paraformalde-
hyde (Sigma-Aldrich) overnight at 4°C and permeabilized for
15 minutes in PBS containing 0.5% Triton X-100. Next, the cells
were incubated with PBS containing 4% bovine serum albumin
for 30 minutes at room temperature. The following primary anti-
bodies were used: OCT3/4 (1:500; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, http://www.scbt.com), SOX2 (1:500; Santa Cruz
Biotechnology Inc.), NANOG (1:500; Abcam, Cambridge,
U.K., http://www.abcam.com), stage-specific embryonic an-
tigen (SSEA)-3 (1:50; ES Cell Marker Sample Kit; EMD Millipore),
SSEA4 (1:50; ES Cell Marker Sample Kit; EMD Millipore), TRA-1-60
(1:50; ES Cell Marker Sample Kit; EMD Millipore), and SSEA1 (1:50;
ES Cell Marker Sample Kit; EMD Millipore). The following second-
ary antibodies were used in the present study: Alexa Fluor 594-
conjugated donkey anti-mouse IgG (1:500; Invitrogen), fluorescein
isothiocyanate (FITC) 488-conjugated donkey anti-rabbit IgG
(1:500; Invitrogen), and FITC 488-conjugated donkey anti-goat
IgG (1:500; Invitrogen). Nuclei were stained with 4',6-diamidino-
2-phenylindole (1:10,000; Sigma-Aldrich). Stained cells mounted
on slides were observed on a confocal microscope (Al Nikon;
Nikon, Tokyo, Japan, http://www.nikon.com).
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Teratoma Formation

The iPSCs were harvested by Accutase (Sigma-Aldrich) dissocia-
tion and centrifuged. The pellets were resuspended in DMEM/
F12 (Invitrogen). Cells from a 60-mm dish were injected subcuta-
neously into dorsal flank of a severe combined immunodeficiency
(SCID) mouse. At 6—8 weeks after injection, the tumors were dis-
sected and fixed with PBS containing 10% paraformaldehyde
(Sigma-Aldrich). Analysis of the hematoxylin and eosin-stained
tissue sections was performed.

Hematopoietic Differentiation

For naive and primed iPSCs hematopoietic differentiation, OP9
stromal cells were plated onto gelatinized 35-mm dishes in
a-minimal essential medium (a-MEM; Invitrogen) containing
20% FBS (HyClone, Logan, UT, http://www.hyclone.com), 2 mM
L-glutamine (Invitrogen), and 50 ug/ml penicillin/streptomycin
(EMD Millipore). After formation of confluent cultures on days
4 and 5, one half of the medium was changed, and the cells
were cultured for an additional 3—4 days. Naive iPSCs were
digested into single cells by Accutase (Sigma-Aldrich), and
primed iPSCs were harvested by mechanical dissociation into
small clumps. Both iPSCs were seeded onto OP9 cultures at a
density of 3 X 10° per 4 ml per 35-mm dish in @-MEM (Invitro-
gen) supplemented with 10% FBS (HyClone) and 100 uM
monothioglycerol (Sigma-Aldrich). The cocultured cells were
incubated for up to 10 days with a one half-medium change
every other day and then were harvested for flow cytometry
analysis.

Flow Cytometry Analysis

To analyze the phenotype of hematopoietic progenitor cells, both
iPSC/OP9 cocultures were collected and washed with fluorescence-
activated cell sorting (FACS) buffer (PBS with 2% FBS). Cells were
stained with anti-human CD43-APC monoclonal antibody (BD Bio-
sciences, San Diego, CA, http://www.bdbiosciences.com). The cells
were then washed and resuspended in FACS buffer. All analyses
were performed on a MoFlo XDP cell sorter (Beckman Coulter, Full-
erton, CA, http://www.beckmancoulter.com) running Summit
software.

Gene Targeting of Naive and Primed Patient-
Specific iPSCs

Three specific single-guide RNAs (sgRNAs) were designed ac-
cording to a previously established protocol [25], cloned into
pX330 vector (Addgene) and tested by transfection into
HEK293T cells. The cleavage efficiencies at the HBB mutation
site were tested, and the most efficient sgRNA2 was selected
by the T7E1 assay. The targeting donor DNA was amplified from
wild-type human genomic DNA with ~250-base pair (bp) 5" and 3’
homologous arms. The primers used for the donor DNA amplifi-
cation were as follows: HBB, forward: 5'-TGACACAACTGTGTT-
CACTAGC-3’; and HBB, reverse: 5'-TGAGACTTCCACACTGATGC-3'.
The donor DNA fragment was then constructed into T-vectors using
the pEASYTM-T5 Zero cloning Kit (TransGen Biotech, Beijing, China,
http://www.transgenbiotech.com) for DNA sequencing validation
and digested by Notl/Pstl for linearization.

For gene targeting, 10° naive and primed iPSCs were digested
by Accutase (Sigma-Aldrich) and electroporated with 2.5 ug
sgRNA-pX330 plasmid and 2.5 ug linearized donor DNA in
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100 wl primary buffer 3 using nucleofactor Il (Lonza, Walkersville,
MD, http://www.lonza.com). The transfected cells were subse-
quently plated onto the feeder layers and cultured in naive and
conventional human embryonic stem medium, respectively.
Next, 10 mM ROCK inhibitor (ROCKi) was supplemented for the
first 24 hours. Individual colonies were picked 7 days after trans-
fection, which were then expanded and verified by DNA sequenc-
ing (Sangon Biotech, Co., Ltd., Shanghai, China, http://www.
sangon-biotech.com).

Mouse Embryo Micromanipulation, Whole-Mount
Staining, and Imaging

For naive and primed iPSCinjection, the cells were digested, and
10-15 cells were microinjected into 8-cell embryos or blasto-
cysts of ICR (Crl:CD1) diploid mouse embryo. Approximately
15-20 injected embryos were transplanted into embryonic
day (E) 2.5 post coitum pseudopregnant mice by uterine
transfer. The embryos were harvested and dissected at the
E10.5 developmental stage for analysis.

Western Blot Analysis

For Western blot analysis, naive iPSCs and primed iPSCs were col-
lected and lysed by RIPA buffer supplemented with protease in-
hibitor cocktail (Roche, Indianapolis, IN, http://www.roche.com)
for 30 minutes at 4°C, followed by centrifugation at 20,000g for
10 minutes at 4°C. The supernatants were loaded onto SDS
polyacrylamide gel electrophoresis, and Western blot analysis
was performed using specific OCT3/4 (1:2,000; Santa Cruz Biotech-
nology), NANOG (1:2,000; Abcam), KLF4 (1:2,000; Abcam), and
REX1 (1:2,000; Abcam) antibodies.

RESULTS

Reprogramming B-Thalassemia Fibroblasts Directly
Into Ground State-Naive iPSCs

First, B-41/42 fibroblasts with a TCTT deletion between the 41st
and 42nd amino acids of the HBB gene were used to generate
naive iPSCs in accordance with the procedures summarized in
Figure 1A (supplemental online Fig. 1A). Six days after electro-
poration, morphological changes occurred in the transfected
cells, and small aggregates could be observed in the culture
dishes. A dome shape could be observed as early as 7 days after
culturing in naive hESM. These colonies were then selected
20 days after electroporation and further expanded by single cell
passage with Accutase every 4-5 days (Fig. 1B). When cultured
on mitomycin C-treated ICR murine embryonic fibroblasts or on
Matrigel (BD Biosciences), all the naive iPSC lines that we estab-
lished showed typical morphologies similar to those of mouse
ESCs/iPSCs (Fig. 1C, 1D; supplemental online Fig. 1B). Karyotype
examinations showed that most of these ground-state cells
were normal (46,XY) and could be maintained after additional
extended passaging (Fig. 1E, 1F). In addition, the ground-state
cell lines that we derived could be propagated for more than
20 passages without showing differences in morphology and
doubling time (supplemental online Fig. 1C).

For further analysis, we adopted two primed iPSC (pr2-iPSC
and pr9-iPSC) lines and one ESC (by1-ESC) line as controls. The
primed iPSC lines were derived from the fibroblasts of the same
patient by electroporation of the same episomal vectors followed

STEM CELLS TRANSLATIONAL MEDICINE
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Figure1. Generation of naive iPSCs from -thalassemia patient fibroblasts. (A): Scheme of the strategy for the generation of naive iPSCs from human
B-thalassemia patient fibroblasts. (B): Representative images of morphological changes on reprogramming of human fibroblasts into naive iPSCs on
days1,7,and 15and P1. Scale bar =50 wm. (C): Phase images of naive iPSC lines established from human B-thalassemia fibroblasts cultured on feeders.
Scale bar =200 um. (D): Phase images of two naive iPSCs cell lines derived from human B-thalassemia fibroblasts cultured on Matrigel. Scale bar = 200
pm. (E): Karyotype analysis of n2-iPSCs generated from human B-thalassemia fibroblasts. (F): Karyotype analysis of n5-iPSCs generated from human
B-thalassemia fibroblasts. (G): Single-cell cloning efficiencies of several primed and naive pluripotent stem cell lines cultured in medium with or without
ROCKi. Primed cell lines included pr2-iPSCs, pr9-iPSCs, and by1-ESCs and naive cell lines included n2-iPSCs and n5-iPSCs. Data are shown as the mean =+
SEM; ttest; **, p <.01; n =3 individual experiments. (H): Recovery efficiencies of several primed and naive pluripotent stem cell lines. Primed cell lines
included pr2-iPSCs, pr9-iPSCs, and by1-ESCs and naive cell lines included n2-iPSCs and n5-iPSCs. Data are shown as mean = SEM; ttest; **,p <.01;n=3
individual experiments. Abbreviations: ESC, embryonic stem cell; d, day; HDF, human dermal fibroblast; hESM, human embryonic stem cell medium;
iPSC, induced pluripotent stem cell; P1, passage 1; Rocki, ROCK inhibitor.

by hESM culture, and the by1-ESC line was established from a do- primed reprogramming were approximately 0.135% and 0.155%,
nated human blastocyst. Calculation of the colony numbers respectively, without significant differences between each other
revealed that the efficiencies of naive reprogramming and (supplemental online Fig. 1D).
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When passaging these cell lines, the single-cell cloning effi-
ciency of the naive iPSCs reached up to 88%, far higher than the
efficiency of the primed iPSCs derived from the same fibroblasts
orthe ESCs that we previously established, both of which always
barely survived after single cell digestion. Even in the presence
of ROCKi, the single-cell cloning efficiency of the primed iPSCs
or ESCs was still less than 30% (Fig. 1G). Moreover, the recovery
efficiencies of the naive iPSCs could reach up to 95%, signifi-
cantly higher than those in primed iPSCs or ESCs (Fig. 1H). These
results indicated that transgene-free naive iPSC lines can be
successfully generated from B-thalassemia fibroblasts under
defined culture conditions.

Characterization of Ground-State Pluripotency in
B-Thalassemia Patient-Specific Naive iPSCs

Next, we examined the pluripotency of the naive iPSCs derived
from patient fibroblasts. Quantitative PCR analysis showed
that several pluripotent genes were expressed in naive iPSCs
and in primed iPSCs. Importantly, multiple transcription fac-
tors typically associated with naive pluripotency were signifi-
cantly upregulated in naive iPSCs compared with those in
primed human ESCs or iPSCs, including NANOG, KLF4, REX1,
STELLA, KLF2, and TFCP2L1 (Fig. 2A; supplemental online
Fig. 2A). Western blot analysis also revealed higher expression
levels of NANOG, KLF4, and REX1 in the naive iPSCs compared
with those in the primed iPSCs (Fig. 2B). We also detected
marker gene expression in naive iPSCs via immunofluores-
cence. Consistent with primed iPSCs, naive iPSC lines were
positive for pluripotency-associated markers such as OCT4,
SOX2, and NANOG and surface markers such as SSEA3, SSEA4,
and TRA1-60, but not SSEA1 (Fig. 2C; supplemental online Fig.
2B). These results indicate that these naive iPSCs exhibit the
characteristics of human pluripotent stem cells with ground-
state features.

To investigate whether the individual components of the 5i/L/FA
medium were essential for the maintenance of the naive iPSCs, we
checked the changes in colony morphologies and pluripotency gene
expression on removal of individual components from the culture
system. Withdrawal of the MEK inhibitor and BRAF inhibitor sig-
nificantly impaired the colony morphologies and pluripotency-
associated gene expression. In contrast, withdrawal of the SRC in-
hibitor and GSK38 inhibitors affected colony morphologies but
not pluripotency gene expression. In addition, withdrawal of
the ROCKi resulted in significantly reduced proliferation and in-
creased cell death. Although withdrawal of growth factors bFGF
or activin A, individually, had no effect on the expression of plu-
ripotency genes, we observed a downregulation of pluripotency
genes when bFGF and activin A were both depleted (Fig. 2D-2F).
Moreover, when transferred to a conventional hESC medium, the
naive iPSCs were unable to maintain their ground-state morphol-
ogies; instead, they exhibited primed iPSC phenotypes (Fig. 2G).

Characterization of Differentiation Capacities of
B-Thalassemia Patient-Specific Naive iPSCs

Next, to assess the in vitro and in vivo differentiation capacity of
the naive iPSCs that we derived, embryoid bodies were generated
from different naive iPSC lines by single-cell suspension followed
by culturing in differentiation medium (Fig. 3A). On differentia-
tion of the naive iPSCs, quantitative PCR analysis showed signifi-
cant upregulation in marker genes associated with the three germ
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layers (Fig. 3B). For differentiation in vivo, two naive iPSC lines
were injected subcutaneously into NOD/SCID mice for teratoma
formation. Similar to primed iPSCs, as previously reported [26],
both naive iPSC lines could form teratomas 6 weeks after injec-
tion, which contained derivatives from all three embryonic germ
layers (Fig. 3C).

Finally, to test whether the human naive iPSCs that we de-
rived could be integrated into interspecies chimeras in vivo, na-
ive and primed iPSCs were labeled with green fluorescent
protein (GFP; Fig. 3D; supplemental online Fig. 2C), followed
by microinjection into ICR mouse blastocysts (E3.5) in parallel,
and allowed to develop in vivo for a specific amount of time.
The transplanted embryos were then dissected and observed
under confocal microscopy to detect the presence of human
iPSC-derived cells. Notably, in contrast to human primed iPSCs,
we were able to obtain chimeric embryos with human naive
iPSCs corresponding to the E10.5 developmental stage, consis-
tent with previous reports [12]. Moreover, these chimeric em-
bryos showed a widespread integration of human naive iPSCs
at the organogenesis stages of embryonic development, which
could be observed in different tissues, including the heart, brain,
and neck (Fig. 3E). Collectively, these data indicate that the naive
iPSCs that we derived possess differentiation capacity both in
vitro and in vivo. Most importantly, the naive iPSC-derived cells
could generate interspecies chimeras.

Genome-Wide Expression Analysis of Patient-Specific
Naive iPSCs

To validate the global gene expression patterns of naive iPSCs
derived from patient fibroblasts, RNAs were collected from both
naive iPSC lines (n2-iPSC and n5-iPSC) and primed cell lines (pr2-
iPSC, pr9-iPSC, and by1-ESC) and subjected to RNA-sequence
analysis. A comparison of gene expression profiles revealed
significant differences between naive iPSCs and primed iPSCs, al-
though they share the same genetic origins (Fig. 4A). In contrast,
the cell lines within the same categories exhibited high similar-
ities (Fig. 4B, 4C). More importantly, a number of transcription
factors associated with ground-state self-renewal and pluripo-
tency were upregulated in naive iPSCs, including DPPA2, DPPA3
(also known as STELLA), REX1, KLF2, KLF4, TFCP2L1, NANOG,
and NODAL (Fig. 4A). Gene ontology [18] enrichment analysis
showed that the upregulated genes in naive iPSCs were mainly
involved in translation, embryonic development, and oxidative
phosphorylation (Fig. 4D). These results were further validated
by KEGG pathway analysis (Fig. 4E). This is consistent with pre-
vious observations in mice in which mouse ESCs used oxidative
phosphorylation, and EpiSCs showed low mitochondrial respira-
tory capacity [27].

Genome-wide expression profile comparisons of the five cell
lines showed that the two naive iPSC lines clustered together
closely and were clearly separate from the three primed cell
lines, which were clustered into another group (Fig. 4F). In ad-
dition, cross-species gene expression analysis demonstrated
that naive iPSCs clustered with naive mouse ESCs in the upre-
gulation of ground-state pluripotency genes and the downregu-
lation of lineage-specific markers (Fig. 4G). Collectively, these
data suggest that the gene expression pattern of naive iPSCs is
more similar to that of mouse ESCs and distinct from that of
primed iPSCs, which is consistent with previous studies in mice
and humans [14-16].
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Figure 2. Pluripotency validation of the naive iPSCs derived from 3-thalassemia fibroblasts. (A): Quantitative PCR analysis of genes associated
with ground-state self-renewal and pluripotency in naive iPSCs and primed iPSCs and ESCs. Data are shown as the mean = SEM; t test; *, p <.05;
#%, p < .01; n = 3 individual experiments. (B): Western blot analysis of ground-state pluripotency-associated transcription factors such as
NANOG, KLF4, and REX1 in naive iPSC lines and primed iPSC lines. B-Actin was used as an endogenous control. (C): Immunostaining images
of pluripotency-associated markers OCT4, SOX2, NANOG, SSEA3/4, and TRA-1-60. Scale bars = 20 um. (D): Representative images of n2-iPSC
morphologies after withdrawal of individual inhibitors and growth factors from 5i/L/FA culture system. Scale bars = 100 um. (E): Quantitative
PCR analysis of pluripotency-associated gene expressions in naive iPSCs after withdrawal of individual inhibitors from 5i/L/FA culture system.
Data are shown as mean = SEM; n = 3 individual experiments. (F): Quantitative PCR analysis of pluripotency-associated gene expression in naive
iPSCs after withdrawal of growth factors from 5i/L/FA culture system. Data are shown as mean = SEM; n =3 individual experiments. (G): Representative
images of morphological changes from naive state to primed state as the culture system changed. Scale bar = 100 um. Abbreviations: bFGF, basic
fibroblast growth factor; Ctrl, control; ESCs, embryonal stem cells; DAPI, 4',6-diamidino-2-phenylindole; GSK3i, GSK38 inhibitor; hESM, human em-
bryonic stem cell medium; iPSCs, induced pluripotent stem cells; LIF, leukemia inhibitory factor; MEKi, MEK inhibitor; PCR, polymerase chain reaction;
RAFi, BRAF inhibitor; SRCi, SRC inhibitor; SSEA3, stage-specific embryonic antigen 3; SSEA4, stage-specific embryonic antigen 4; ROCKi, ROCK inhibitor.

Epigenetic Property Analysis of Patient-Specific respectively, we performed chromatin immunoprecipitation-
Naive iPSCs sequence analysis of the n2-iPSCs, n5-iPSCs, and pr9-iPSCs.

Next, to investigate the genome-wide distribution of H3k4me3 and  Consistent with previous studies, the H3K27me3 signal was dra-
H3K27me3, which indicate activation and repression of transcription, matically reduced at the transcription start site of polycomb
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Figure 3. Differentiation properties of the naive iPSCs derived from -thalassemia fibroblasts. (A): Morphologies of embryoid bodies differ-
entiated from two naive iPSC lines. Scale bar = 200 um. (B): Quantitative PCR analysis of lineage-related markers in embryoid bodies generated
from n5-iPSCs. Data are shown as the mean = SEM; t test; *, p <<.05; *%*, p <.01; ***, p < .001; n =3 individual experiments. (C): Hematoxylin and
eosin staining of teratomas containing tissues of all three germ layers derived from n2-iPSCs and n5-iPSCs. Scale bar = 100 wm. (D): Morphologies
of GFP-labeled n2-iPSCs and n5-iPSCs. Scale bar =200 um. (E): Representative confocal images showing integration of GFP+ cells differentiated
from n2- and n5-iPSCs into different sites of a mouse embryo at E10.5 stage. Scale bar = 20 um. Abbreviations: AFP, a-fetoprotein; BF, bright
field; DAPI, 4',6-diamidino-2-phenylindole; EB, embryoid body; Foxa2; forkhead box protein A2; GFAP, glial fibrillary acidic protein; GFP, green
fluorescent protein; iPSCs, induced pluripotent stem cells; PCR, polymerase chain reaction.

group target genes in naive iPSCs compared with that in primed
iPSCs, whereas H3K4me3 showed no significant changes among
the three iPSC lines (Fig. 5A, 5B). On further examination of the
H3K4me3 profile at different gene loci, genes related to ground-
state pluripotency, such as DPPA3, DPPAS5, and KLF4, showed
enhanced signal in naive iPSCs, and genes associated with core plu-
ripotency, such as POU5F1 and NANOG, exhibited similar or slightly
higher signals in naive iPSCs compared with that in primed iPSCs (Fig.
5C). However, the H3K27me3 profile in our naive iPSCs was almost
nonexistent for genes associated with naive state pluripotency, such
as KLF2, KLF4, and KLF5, and genes involved in development, such as
FOXA2, GATA6, and the HOXA and HOXB clusters (Fig. 5D;
supplemental online Fig. 3).

Further epigenetic analysis showed that the total 5mC and 5-
hydroxymethylcytosine level were significantly reduced in naive
iPSCs compared with primed iPSCs by mass spectrometric

©AlphaMed Press 2016

quantification (Fig. 5E, 5F). Taken together, these dataindicate that
the upregulation of specific genes related to ground-state plu-
ripotency is associated with increased H3K4me3 or decreased
H3K27me3 signals in a locus-specific manner. Moreover,
the reprogramming process from fibroblasts toward the
primed or naive state possesses different epigenetic decon-
struction, including DNA methylation and histone modifications.

Genetic Correction of 3-41/42 Mutation and
Differentiation of Naive iPSCs

To validate the application of naive iPSCs in clinical research, a
CRISPR/Cas9 genome editing system was adopted to correct
the genetic mutation in the naive iPSCs directly derived from pa-
tient fibroblasts (Fig. 6A). Three specific sgRNAs were designed
according to a previously established protocol [25], cloned into
pX330 vector, and tested by transfection into HEK293T cells.

STEM CELLS TRANSLATIONAL MEDICINE


http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0157/-/DC1

Yang, Zhang, Yi et al.

15

A

A B
15 i = .
DPPA3 KLF4
x10
g— KLF2 H
2 .
gs &
T o o
- pcc=0.987
0

N5_vs P2

N5 _vs P9

¥ pcc=0.987

;10 5 0 5 10 15

2 8 12 0 4 8 12

Differentially Expressed Genes

log,(fold change) pr2-iPSC n2-iPSC
D E P F
. Upregulated Genes Oxidative
v translation
g 36 translational elongation Phosphorylahon nZ-i Psc
8 82 ichordate embryonic development § 0.5 =
w50 Jinutero embryonic development Pj n5-iPSC
© 42 |mitochondrion organization E‘ﬁo'd prz_i PSC
E 33 [oxidative phosphorylation _E ~0.2 .
-g 63 |vasculature development -"E' o pr9- iPSC
33 |Ras protein signal transduction w
é 61 |blood vessel development ]H Im | ”l byl-h ESC
1250 2. 4 - 3 E E S naive posm\re correlation) 1
_|°gm(p value) Eg 0 Zero cross at 9162 I
- ©
£5 s pnmed (negative correlation) 0.6
ca 0 10 15 20 25 (k)
=T Rank in Ordered Dataset
== Enrichment profile Ranking metric scores
G — Hits

R1-mESC-2
R1-mESC-1
16-6-miPSC-2
16-6-miPSC-1
n5-iPSC
n2-iPSC
pr9-iPSC
pr2-iPSC
hESC

Figure 4. Transcriptional profiling of naive iPSCs derived from -thalassemia fibroblasts. (A): Volcano plot showing gene expression changes be-
tween naive and primed iPSCs. The light blue dots represent the genes that are significantly downregulated in the naive state [defined by log,(FC)
< —1 and FDR <0.01]; pink dots represent the genes significantly upregulated in the naive state [defined by log,(FC) >1 and FDR <<0.01]. High-
lighted in red are the genes of interest related to ground-state self-renewal and pluripotency. (B): Scatter plots showing gene expressions between
the two cell lines of primed (left) or naive state (right). (C): Venn diagram illustrating the overlapped and differentially expressed gene numbers
identified among naive iPSCs and primed iPSCs. (D): Gene ontology analysis of the upregulated genes in naive iPSCs. (E): Upregulated oxidative
phosphorylation by KEGG pathway analysis in naive iPSCs compared with primed iPSCs. (F): Hierarchical clustering of naive and primed iPSCs de-
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embryonal stem cell; miPSCs, murine iPSCs; N5, n5-iPSC; P2, pr2-iPSC; P9,

The most efficient cleaving sgRNA2 was selected by the T7E1 as-
say for the subsequent experiment (supplemental online Fig. 4A).
For mutant gene correction, targeting donor DNA amplified from
wild-type human genomic DNA with ~250-bp 5" and 3’ homolo-
gous arms was introduced, together with selected pX330-sgRNA,
into n2-iPSCs and two primed iPSCs (pr2- and pr9-iPSCs) by elec-
troporation (Fig. 6A).

Seven days after electroporation, 40 colonies in each cell
line were selected and expanded, followed by DNA sequencing
validation. In the naive iPSC group, up to 57% of clones were
corrected at one allele of the HBB gene, showing heterozygous
peaks at the mutation sites, and only approximately 32% of

www.StemCellsTM.com

pr9-iPSC; pcc, Pearson correlation coefficient.

colonies were corrected in the primed iPSC group (Fig. 6B).
We also observed one clone corrected at both alleles in the
primed iPSC group. Furthermore, no off targets were detected
in the naive iPSC group, but 2 clones with off targets were de-
tectedinthe primediPSCgroup (data not shown). The statistical
analysis of the sequencing results revealed significantly higher
targeting efficiency in naive iPSCs than in primed iPSCs (Fig. 6C).
For further characterization, we selected two corrected naive
iPSC lines that showed morphologies similar to those of mouse
ESCs (Fig. 6D). Immunostaining analysis confirmed that the cor-
rected iPSCs also expressed pluripotency-associated markers
such as OCT3/4, SOX2, and NANOG (Fig. 6E).

©AlphaMed Press 2016
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Figure 5. Chromatin landscape of naive iPSCs derived from B-thalassemia fibroblasts. (A): Heat map showing H3K4me3 (left) and H3K27me3 (right)
distribution at polycomb target genes in pr9-iPSCs, n2-iPSCs, and n5-iPSCs. (B): Mean profiles of H3K4me3 (upper) and H3K27me3 (lower) at polycomb
target genes in pr9-iPSCs, n2-iPSCs, and n5-iPSCs. (C): ChIP-seq tracks for H3K4me3 in pr9-iPSCs, n2-iPSCs, and n5-iPSCs at genes related to naive pluri-
potency and core pluripotency. (D): ChiP-seq tracks for H3K27me3 in pr9-iPSCs, n2-iPSCs, and n5-iPSCs at genes related to naive pluripotency and devel-
opment. (E): Quantification by mass spectrometry of global 5mClevels in naive and primed iPSCs derived from 3-thalassemia fibroblasts. (F): Quantification
by mass spectrometry of global 5ShmC levels in naive and primed iPSCs derived from -thalassemia fibroblasts. Abbreviations: 5 hmC, 5-hydroxymethyl-
cytosine; 5 mc/C, 5-methylcytosine per cytosine; ChIP-seq, chromatin immunoprecipitation-sequence; DPPA3, developmental pluripotency associated 3;
DPPAS, developmental pluripotency associated 5; HoxB, homeobox B protein; iPSCs, induced pluripotent stem cells; TSS, transcription start site.
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To evaluate the hematopoiesis capacity of the naive iPSCs, we
differentiated two corrected and the parental naive iPSC lines and
two primed iPSC lines into the hematopoietic progenitor cells using
previously established protocols [26]. On coculture with OP9-GFP
stromal cells, the iPSCs expanded with morphological changes
(supplemental online Fig. 4B). Eight days after induction, the

the naive iPSCs’ self-renewal or differentiation abilities, both
a prerequisite for further hematopoietic applications.

Generation of Naive iPSCs From Human Urinary Cells
Using a Similar Strategy

ratio of CD34" cells analyzed by flow cytometry was approxi-
mately 4.3% in the corrected naive iPSCs, comparable to that
of the parental naive iPSCs (approximately 3.7%) and the
two primed iPSC lines (approximately 4.0%) (supplemental
online Fig. 4C-4E). Taken together, our results indicate that
the correction of the disease mutations did not compromise

www.StemCellsTM.com

As demonstrated in previous reports, human urinary cells (hUCs)
can be reprogrammed into primed iPSCs by introducing exogenous
genes [24]; thus, we tested whether hUCs could be reprogrammed
directly into the naive iPSCs. Using a similar strategy, 5 X 10° hUCs
obtained from a normal male were electroporated with the same
episomal vectors and were then cultured in conventional hESM for

©AlphaMed Press 2016
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9 days. The medium was then replaced with naive hESM (5i/L/FA
medium) for an additional 15-20 days. At 10 days after culturing in
the 5i/L/FA medium, dome-shaped colonies emerged (Fig. 6F). The
colonies were then picked and expanded further. The hUC-naive
iPSC lines were established, which exhibited typical morphol-
ogies similar to those of murine ESC/iPSCs (Fig. 6F).

We also detected expression of multiple transcription factors
associated with ground-state pluripotency, including NANOG,
KLF4, REX1, KLF2,and TFCP2L1, which showed significant upregu-
lation in hUC-naive iPSCs compared with primed iPSCs derived
from the same hUCs (Fig. 6G). Moreover, hUC-naive iPSCs
also expressed pluripotency-associated markers, such as OCT4,
SOX2, and NANOG, and surface markers such as SSEA3, SSEA4,
and TRA1-60 (Fig. 6H). Collectively, our results suggest that hUCs,
an easily and noninvasively acquired cell type, could also be di-
rectly reprogrammed into naive iPSCs, providing an excellent cell
resource for further clinical trials.

DiscussION

B-Thalassemia is one of the most common genetic diseases with-
out an effective treatment. The emergence of conventional iPSCs
and the development of targeting techniques have raised hopes
for such diseases. However, the properties of primed iPSCs, which
closely resemble mouse EpiSCs, with features such as low prolif-
eration ability, poor single-cell cloning, and poor recovery effi-
ciencies, resulting in difficulties in mutant gene targeting or drug
screening, strongly restrict the application of iPSCs in disease mod-
eling and regenerative medicine.

Inthe present study, by using defined culture conditions with
atransgene-free strategy, we successfully reprogrammed fibro-
blasts obtained from a B-thalassemia patient into naive-state
iPSCs. These patient-specific naive iPSCs exhibited the features
of ground-state pluripotency in terms of the proliferation prop-
erties, gene expression profiles, dependent-signaling pathways,
and the ability to integrate into cross-species chimeric embryos.
They also showed significantly higher targeting efficiencies com-
pared with primed iPSCs in the CRISPR/Cas9 system. In addition,
the corrected naive iPSCs, similar to primed iPSCs, possessed the
ability to differentiate into hematopoietic progenitor cells. Hence,
these results provide strong evidence that the ground-state
reprogramming combined with the CRISPR/Cas9 genome editing
system could potentially be used to cure genetic diseases, such
as B-thalassemia.

To date, multiple human cell types, such as skin fibroblasts,
adipose stem cells, peripheral blood cells, and hepatocytes, pro-
vide potential cell resources for the generation of induced pluri-
potent stem cells. However, these cells are all collected invasively.
Recently, human urinary cells, an excellent example of a noninva-
sively collected cell type, have been successfully reprogrammed
into primed state iPSCs. In the present study, using similar strat-
egies used in fibroblasts, we successfully generated ground-state

iPSCs directly from noninvasively acquired urine cells, which pro-
vides a better resource for disease modeling and treatment for
future clinical research.

CONCLUSION

In the present study, using the established 5i/L/FA system, we di-
rectly reprogrammed the fibroblasts of a patient with 8-thalasse-
mia into transgene-free naive iPSCs with molecular signatures of
ground-state pluripotency, which can efficiently produce cross-
species chimeras. Furthermore, using a CRISPR/Cas9 genome
editing system, these naive iPSCs exhibited significantly improved
gene-correction efficiencies compared with the corresponding
primed iPSCs. Importantly, human urinary cells can also be
reprogrammed into a ground state using a similar approach.
Therefore, our findings demonstrate the feasibility and superior-
ity of using patient-specific iPSCs in the naive state for disease
modeling, gene editing, and future clinical therapy.
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