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ARTICLE INFO ABSTRACT

Hemophilia A is an X-linked recessive bleeding disorder caused by FVIII gene deficiency, which may result in
spontaneous joint hemorrhages or life-threatening bleeding. Currently, cell-based gene therapy via ex vivo
transduction of transplantable cells with integrating gene-expressing vectors offers an attractive treatment for
HA. In present study, we targeted an expression cassette of B-domain-deleted FVIII into the ribosomal DNA
(rDNA) locus of human embryonic stem cells (hESCs) by transfection with a nonviral targeting plasmid pHrn.
The targeted hESCs clone could be expanded and retained the main pluripotent properties of differentiation into
three germ layers both in vitro and in vivo. Importantly, under defined induction conditions, the targeted hESCs
could differentiated into functional mesenchymal stem cells (MSCs) and hepatocytes, as validated by relevant
specific cell markers and functional examination. Tumorgenesis assay demonstrated that these cells are rela-
tively safe for future applications. Analysis on gene expression revealed that exogenous FVIII mRNA and FVIII
proteins were both present in differentiated MSCs and hepatocytes. These results indicated that through gene
targeting at hESCs rDNA locus a persistent cell source of transplantable genetic-modified cells can be accom-
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plished for HA therapy.

1. Introduction

Hemophilia A (HA) is an X-chromosome-linked recessive bleeding
disorder caused by genetic mutation in FVIII gene. The clinical symp-
toms are mainly spontaneous or traumatic hemorrhage, especially in
muscle and joint, which can lead to disability and even be life-threa-
tening due to intracranial hemorrhage [1]. Traditional treatment for HA
patients is replacement therapy with intravenous infusion of plasma-
derived or recombinant FVIII proteins. However, short half-life of FVIIIL,
costly repeated infusions and potential inhibitory antibodies limit its
long term application [2].

Since hemophilia A is a monogenic disease and any increase of FVIII
levels will be beneficial to patients, the disease is a suitable model for
gene therapy. In recent years, although viral vector-based gene therapy
for hemophilia A has been conducted in clinical trials [3, 4], its ap-
plication as a therapy was restricted by possibilities of random inser-
tional mutagenesis, carcinogenesis, and immune responses [5, 6]. In
previous studies, we have developed a non-viral targeting vector named
pHrn, which is able to mediate exogenous gene integration into the
ribosomal DNA (rDNA) locus with high efficiency [7, 8]. This system

may profit from multi-copies of rDNA gene and high homologous re-
combination activity in this area [9, 10]. Furthermore, natural length
polymorphism of rDNA area suggests that rDNA locus could serve as a
safe harbor for transgene [11]. By utilizing this vector, we have suc-
cessfully targeted gene addition at the rDNA locus in multiple cell types
[7,8,12,13].

Currently, cell-based gene therapy via ex vivo transduction of
transplantable target cells with integrating gene-expressing vectors of-
fers an attractive treatment for HA. Since the primary site of FVIII
synthesis is liver, either hepatocytes or liver sinusoidal endothelial cells
as candidate transplanted cells have been used for intervention of HA
[2, 14, 15]. However, several studies with transplantation of liver cells
in animals failed to detect the FVIII, suggesting the immune suppression
or suitable microenvironments may be required [16-19]. Mesenchymal
stem cells (MSCs) have been reported to enhance graft facilitation when
transplanted with other therapeutic cells by immunosuppressive prop-
erties and secretion of bioactive trophic factors [20, 21]. In addition,
both hepatocytes and MSCs had been proven to contribute to the
functional FVIII pool [22, 23]. Previous studies have demonstrated that
injection of FVIII-transduced hepatocytes or MSCs increased FVIII in
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Fig. 1. Site-specific integration at the rDNA locus of

hESCs. (A) Schematic of the gene-targeting vector,
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remaining clones were stained with Giemsa. (D) PCR
analysis of genomic DNA from resistance clones
using primers F1 and R1. PCR products showing a
1.6 kb fragment indicated the occurrence of homo-
logous recombination. (E) DNA sequencing of the
PCR product revealed site-specific integration in the
rDNA region. Red arrow indicated the junction point
between the two homology arms. (F) The PCR-posi-
tive clones were confirmed by Southern blotting
analysis of the Pvull-digested genomic DNA.
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various small and large animal models of HA [15, 24-26]. However,
most of somatic cells display a limited proliferation capacity or even
lose their cell characteristics during in vitro culturing [27, 28]. There-
fore, a new strategy to rapidly obtain transplantable cells for use in HA
cell therapy is needed.

Human embryonic stem cells (hESCs) and induced pluripotent stem
cells (iPSCs) possess potential for self-renewal, proliferation and plur-
ipotency, allowing differentiation into cells of all three germ layers.
Both hESCs and iPSCs could differentiate into adequate MSCs and he-
patocytes for transplantation use [29-31]. Although iPSCs-derived cells
hold an advantage of low immune rejection for personalized trans-
plantation, safety concerns for genomic instability and potential
transformation into tumor cells due to the oncogenic properties caused
by reprogramming factor (c-MYC) and retroviral or lentiviral vectors
becomes more significant [32]. Nonetheless, hESCs-derived retinal
pigment epithelium cells have been approved to treat 4 patients with
macular degeneration or dystrophy without adverse effect after 1 year
of follow-up [33]. Moreover, recent studies have reported that mouse
ESCs transfected with human FVIII gene could be induced into liver-like
embryoid bodies and transplanted into the spleen of SCID mice, re-
sulting hFVIII-antigen production in mouse plasma [34, 35].

In this study, based on hESCs, we sought to investigate an alter-
native gene therapy strategy that may result in sustained FVIII trans-
gene expression. We efficiently and stably targeted a B-domain-deleted
FVIII expression cassette into the rDNA locus of hESCs using nonviral
targeting vector pHrn. Targeted clones retained main characteristics of
hESCs and were capable of differentiation into candidate transplantable
cells, such as functional MSCs and hepatocytes. Both of the differ-
entiated cells exhibited transcription of exogenous FVIII mRNA and
increase of FVIII secretion. The study may provide a novel stem-cell
based strategy for HA therapy and other bleeding disorders.
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Southern blotting displayed a 7.2kb band for tar-
geted hESCs clones using the designed probe. pHrn
vector (10.4kb) served as a positive control (PC).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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2. Materials and methods
2.1. hESCs culture and animal use

The human embryonic stem cell line H9 (National Stem Cell Bank)
was grown on mitomycin-C treated mouse embryonic fibroblasts (MEF)
in DMEM/F12 supplemented with 20% (vol/vol) knockout serum re-
placement (KSR), 10ng/ml bFGF, 100 U/ml penicillin, 100 mg/ml
streptomycin (P/S), 2mM 1-glutamine, 0.1 mM nonessential amino
acids (all from Life Technologies), and 0.1 mM [(-mercaptoethanol (-
ME). All studies involving rodent animals followed the guidelines of
ARRIVE, the U.K. Animals (Scientific Procedures) Act, EU Directive
2010/63/EU for animal experiments, the National Institutes of Health
guide for the care and use of Laboratory animals, and were approved by
the Central South University Institutional Animal Care and Use
Committee.

2.2. Electroporation of hESCs

The targeting plasmid (pHrn-FVIII) [8] was linearized using Kpnl
restriction enzyme (NEB). For DNA electroporation, hESCs were col-
lected by accutase (Millipore) and dissociated into single cells by tri-
turation. 2 x 10° cells were electroporated using a BioRad gene pulser
(BioRad, 250 V/500 pFd in 500 ml hESCs medium + 300 ml phosphate-
buffered saline containing 20 pg of the linearized targeting plasmid).
After electroporation, the cells were plated on MEF cells at
0.5 x 10° cells/10 ml. Three days later, G418 (Life Technologies) was
added to the culture medium at 25 ug/ml. The concentration of G418
was increased to 50pug/ml on day 7 posttransfection. Medium was
changed every day. Two weeks later, resistant clones were picked and
expanded for further experiments.
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2.3. PCR and southern blotting detection for gene targeting

Genomic DNA was prepared from individual drug-resistant colonies
by a miniprep procedure and used as template for PCR. Primer F1 (5’
AAT GGG CGG GGG TCG TTG GGC GGT CA-3’) was located in CMV
promoter (Fig. 1A). Primer R1 (5 -GGC GAT TGA TCG GCA AGC GAC
GCT CAG ACA G-3’) was located out of the homologous arm of rDNA
locus (Fig. 1A). The putative fragment amplified from site-integration
clones is 1.5 kb. The cycling parameters are as follows: 97 °C, 5 min for
initial denature; 97 °C, 30s, 72°C, 2.5 min, 10 cycles (—0.6 °C/cycle);
97 °C, 30s, 66 °C, 30s, 72°C, 2min, 25 cycles; 72°C, 10 min for final
extension.

For Southern blotting analysis, genomic DNA (10 ug) was digested
with Pvu II and separated on a 0.8% agarose gel before being trans-
ferred onto a Hybond N+ membrane (Amersham). The hybridization
probe was a 330bp fragment of EMCV-IRES. Using pHrn-FVIII as
template, probe was amplified by using the following primer set: for-
ward 5-CCC GGA AAC CTG GCC CTG TCT T-3’and reverse 5-TGG GGT
ACC TTC TGG GCA TCC TTC-3'. The cycling parameters were as fol-
lows: 97 °C, 5min for initial denature; 97 °C, 30s, 60°C, 20s, 72°C,
30s, 32cycles; 72°C, 10 min for final extension. The membrane was
hybridized overnight at 42 °C to the probe labeled with DIG-dUTP and
the signals were detected by AP-conjugated DIG-Antibody (Roche
Diagnostics).

2.4. Karyotyping

Cell clumps were treated with 0.08 ug/ml colcemid (Sigma) for
2.5h. Then the cells were trypsinized, centrifuged and incubated in
0.075 M KCl for 30 min at 37 °C. After fixation with Carnoy fixative, the
metaphase chromosome spreads were prepared using air drying
method.

2.5. Alkaline phosphatase staining and immunofluorescent staining

Alkaline phosphatase staining for hESCs was performed as described
by the manufacturer (Millipore). For immunofluorescence staining,
cells were fixed with phosphate-buffered saline (PBS) containing 4%
paraformaldehyde for 10 min at room temperature. After washing with
PBS, the cells were treated with PBS containing 1% bovine serum al-
bumin, and 0.1% Triton X-100 for 45 min at room temperature. Primary
antibodies included anti-SSEA1, anti-SSEA4, anti-TRA-1-60, anti-TRA-
1-81 (1:100-1:50, Millipore). Secondary antibodies used were cyanine3
(cy3)-conjugated IgG (1:500. Jackson Immunoresearch). Nucleuses
were stained with 1 ug/ml DAPI (Sigma).

2.6. In vitro differentiation

hESCs harvested by trypsinization were transferred to culture dishes
in the ES medium without G418. Cell clumps were incubated with
1 mg/ml dispase (Life Technologies) for 10 min at 37 °C, and then wa-
shed with DMEM/F12 (Life Technologies). After cultured on Ultra-low
attachment plates (Corning) for 7 days in hESC medium with bFGF,
embryoid bodies (EBs) were transferred onto gelatin coated coverslips
and cultured for another 7 days. Differentiated cells were analyzed by
immunofluorescent staining as described above with primary anti-
bodies of anti-AFP (1:100), anti-SMA (1:200), anti-Nestin (1:200)
(Millipore), and anti-Tuj1 (1:300) (Sigma).

2.7. Teratoma formation and histological analysis

hESCs cells were suspended at a concentration of 1 x 107 cells/ml
in 140 uL. DMEM/F12 and 60 pl Matrigel (BD Bioscience). 200 pl of the
cell suspension (2 x 10° cells) were injected subcutaneously into the
forelimbs of nude mice. Eight weeks after the injection, tumors were
surgically dissected from the mice. Samples were weighed, fixed in PBS
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containing 4% formaldehyde, and embedded in paraffin. Sections were
stained with hematoxylin and eosin.

2.8. Differentiation into MSCs and hepatocytes from hESCs

To differentiate hESCs into MSCs, cells were trypsinized and re-
suspended in knock-out DMEM medium supplemented with 10% KSR,
1% NEAA, 2mM1i-glutamine, 0.1 mM B-mercaptoethanol, 10 ng/ml
bFGF, 20ng/ml EGF and 20ng/ml PDGF BB (all from Life
Technologies), and the cells were cultured in the 6-well plates. After
being passaged 4-5 times with 0.05% Trypsin/EDTA, cells were sent for
flow cytometry analysis with a FACSCalibur flow cytometer (BD
Biosciences). Differentiation of MSCs into adipocytes, chondrocytes,
and osteocytes were performed with GIBCO STEMPRO Differentiation
Kit and characterized as previously described [13].

To differentiate hESCs into hepatocytes, embryoid bodies(EB) were
generated by dissociating cells with collagenase/dispase on Petri-grade
dishes for 48h in DMEM/F12 supplemented with 10% KSR, 1 mM
nonessential amino acids (NEAA), and 1% r-glutamine. For further
differentiation, embryoid bodies (EBs) were plated on matrigel™ (BD
Biosciences), and maintained for 6 days in DMEM/F12 medium sup-
plemented with 2.5 mmol/L sodium butyrate (Sigma-Aldrich), 10 ng/
ml bFGF (Life Technologies), and 100 ng/ml Activin A (PeproTech).
6 days after induction, the cells were grown in differentiation medium
supplemented with 20 ng/ml HGF, 10 ng/ml FGF4,10 ng/ml BMP4, and
10 ng/ml OSM (all from R&D Systems) for an additional 6 days. For the
final 3days of -culture, cells were treated with 0.1 pmol/L
Dexamethasone (Sigma-Aldrich) and 10ng/ml OSM. Differentiated
cells were characterized by RT-PCR for hepatocyte specific markers
(AFP, ALB, AAT, CYP7A1) and immunofluorescent staining as described
above with primary antibodies of anti-AFP (1:100), anti-ALB (1:200)
and anti-AAT (1:200) (all from Santa Cruz).

2.9. Periodic Acid-Schiff staining and indocyanine green uptake assay

Periodic Acid-Schiff (PAS) staining kit (Sigma-Aldrich) was used to
determine glycogen storage as described in the manufacture's protocol.
Cellular uptake and release of indocyanine green (ICG) (Sigma-Aldrich)
assay was applied to verify the hepatocytes function. Briefly, cells were
incubated in medium with 1 mg/ml diluted ICG for 60 min at 37 °C.
After washing with PBS, cellular uptake of ICG was recorded. Cells were
incubated with culture medium without ICG for 16 h. Release of cellular
ICG dye was examined under microscopy.

2.10. RT-PCR, RNA-Seq and ELISA

Total RNA was extracted using Trizol reagent (Sigma-Aldrich) and
reversely transcribed using Promega's transcription system according to
the manufacturer's instructions. All primers for RT-PCR are listed in
Supplementary Table. A total amount of 3 ug RNA were used for RNA-
seq. RNA quantification, library preparation, and sequencing were
performed at Novogene (Beijing, China) (www.novogene.com).

FVIIII antigen (FVIII:Ag) was quantified in the medium supernatants
(without serum) using an ELISA kit (Cedarlane) according to the
manufacturer's recommendations. Standard curves were constructed
using serial dilutions of pooled plasma (Pacific Hemostasis), with cor-
relation coefficient (R2) of at least 0.990 using a 4-parameter logistic
curve fit algorithm.

3. Results
3.1. Gene targeting at rDNA locus of human embryonic stem cells
For gene targeting, the rDNA targeting plasmid pHrn-FVIII, which

carrys an expression cassette of CMV promoter-driven human B-do-
main-deleted FVIII open reading frame was constructed in our previous
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Fig. 2. Characterization of H9-F8 clones. (A) Morphology of H9-F8 clone and expression of specific markers. (a) Phase-contrast image of a H9-F8 clone. (b) Alkaline
phosphatase staining of H9-F8. (c—f) Immunofluorescent staining of H9-F8 with Tra-1-60, Tra-1-81, SSEA-4 and SSEA-1 antibodies. Scale bar = 200 pm. (B) In vitro
differentiation of H9-F8. Immunofluorescent staining exhibited that a portion of differentiated cells were positive for the markers of three germ layers respectively,
including ectodermal marker Tujl (g), mesodermal marker SMA (h) and endodermal marker AFP (i). Scale bar, g and h = 50 um, i = 200 um. (C) In vivo differ-
entiation from teratoma formed by H9-F8 cells. H&E staining for teratomas tissues displayed derivatives of all three germ layers, including squamous epithelium for
ectoderm (j), muscle and cartilage for mesoderm (k), respiratory epithelium for endoderm (1). Scale bar = 100 pm.

studies (Fig. 1A) [8]. The hES H9 cells were electroporated with the
linearized targeting construct. Following transfection and G418 selec-
tion (Fig. 1B, C), resistant clones were picked and analyzed by PCR for
screening of rDNA site-specific integration. Results showed that out of
50 clones, 2 were identified to be positive (Fig. 1D). Sequence analysis
of the specific PCR fragments in these clones confirmed the integration
of targeting vector into the rDNA locus (Fig. 1E). The targeted-positive
clones were further verified to be rDNA-specific integrated by Southern
blotting using an external genomic probe (Fig. 1F). A subclone of the
targeted clones, designated H9-F8, was used for subsequent experi-
ments.

3.2. Characterization of FVIII targeted hESCs clone

To confirm whether gene targeting at rDNA locus will affect the
properties of hESCs, we first measured the alkaline phosphatase activity
in H9-F8 using an in situ assay. Results revealed that H9-F8 retained
alkaline phosphatase activity (Fig. 2A). Expression of stage-specific
embryonic antigens TRA-1-60, TRA-1-81, SSEA-4 and SSEA-1, the

characteristic feature of primary hESCs, was conformed with im-
munofluorescent staining (Fig. 2A).

As pluripotent cells, hESCs can differentiate into three germ layers.
To confirm that H9-F8 maintains the pluripotency, we performed em-
bryoid body formation and differentiation assays in vitro. Expression of
endoderm-, mesoderm-, and ectoderm-specific markers in the embryoid
body-derived cells were determined to be positive by using immuno-
fluorescent staining with o-fetoprotein (AFP), mesoderm smooth
muscle actin (SMA), and beta-IIl Tubulin (Tuj I), respectively, in-
dicating that rDNA targeted hESCs held the ability to differentiate into
three lineages in vitro (Fig. 2B).

To further demonstrate the pluripotency of the targeted clone in
vivo, H9-F8 was evaluated by teratomas formation. Eight weeks after
subcutaneous injection into SCID mice, teratomas were dissected and
histological analysis was performed. Hematoxylin and eosin staining
revealed derivatives of the three layers, including stratified squamous
epithelium (ectoderm), cartilage (mesoderm), smooth muscle (meso-
derm), and intestine epithelium (endoderm) (Fig. 2C). Thus, the tar-
geted clone maintained the pluripotency in vivo.
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Fig. 3. Differentiation of H9-F8 into MSCs and Characterization. (A) Morphology change of H9-F8-MSCs at different time points. Phase-contrast images show the
differentiation of H9-F8 into MSCs on day 5 (a) and 15 (b), as well as the control cell BM-MSCs (c). Scale bar = 200 um (B) Osteogenic, adipogenic, and chondrogenic
multi-lineage differentiated potential of H9-F8-MSCs were detected by staining with alkaline phosphatase (d), oil red O (e) and alcian blue dye (f). Scale
bars = 100 um. (C) Flow cytometry analysis of H9-F8-MSCs to detect surface markers that define human MSCs. (D) Hierarchical clustering analysis of gene expression
from BM-MSCs, H9-F8-MSCs, H9 and H9-F8, revealing that H9-F8-MSCs were more hierarchically closely associated with BM-MSCs. (E) Assay for tumor formation
with H9-F8-MSCs and Bel7402 as positive control (PC), showing that H9-F8-MSCs would not generate tumor. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

In addition, after extensive passaging, H9-F8 still maintained a
normal karyotype with 46, XX (20 passages; Supplementary Fig. 1A).
All these results suggested that targeting to the rDNA locus would not
affect the main characteristics and differentiation potential of hESCs.

3.3. Differentiation of FVIII targeted hESCs into MSCs

MSCs, as multipotent cells, had been proven to contribute to the
functional FVIII pool and facilitate transplantation [20, 23]. Here, H9-
F8 were trypsinized and cultured in optimized MSC differentiation
medium containing epidermal growth factor (EGF) and platelet-derived
growth factor-BB (PDGF-BB) for 15 days. After several passages, these
cells uniformly displayed a fibroblast-like morphology similar to that of
MSCs isolated from bone marrow (BM-MSCs) (Fig. 3A). As expected, the
expression of pluripotent transcription factors, such as OCT4, Nanog
and SOX2, was generally reduced in H9-F8 derived MSCs (H9-F8-
MSCs), indicating transition of pluripotency to multipotency (Supple-
mentary Fig. 2A). We examined the differentiation potential of H9-F8-
MSCs via histochemical staining and found that induced cells were
positive for adipogenesis, osteogenesis and chondrogenesis (Fig. 3B).
Analysis of cell surface markers of H9-F8-MSCs by flow cytometry
showed expression pattern identical to BM-MSCs, with positivity for

660

CD44, CD73, and CD90, and negativity for CD34 and CD45(Fig. 3C,
Supplementary Fig. 2B). Furthermore, gene expression profiles of BM-
MSCs, H9-F8-MSCs, H9 and H9-F8 were determined by RNA-Seq and
hierarchical clustering analyses. The results showed that H9-F8-MSCs
were hierarchically close with BM-MSCs, while H9 and H9-F8 had al-
most the same gene expression profile (Fig. 3D). Together, these results
confirmed that H9-F8 could efficiently differentiate into MSCs.

In consideration of the safety issue, we found that the H9-F8-MSCs
could be maintained in continuous culture and keep a normal karyotype
for at least 19 passages (Supplementary Fig. 1B). 8 weeks after injection
with H9-F8-MSCs and hepatocellular carcinoma cell line Bel7402 (as
positive control) into nude mice, respectively, Bel7402 group showed
tumor formation, but not H9-F8-MSCs group (Fig. 3E), suggesting a
diminished tumorgenic risk of differentiated MSCs.

3.4. Differentiation of FVIII targeted hESCs into hepatocytes and
functionality tests

Since several studies have reported that both hESCs and MSCs can
differentiate into hepatocytes and synthesized FVIII proteins [22, 36],
we tried to directly differentiate H9-F8 into functional hepatocytes.
Formed EBs were seeded on 5% matrigel in medium and induced by
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Fig. 4. Direct differentiation of H9-F8 into hepatocytes. (A) Morphology change of H9-F8-Hep during different time and immunofluorescent staining with hepatocyte
markers. Phase-contrast images show the H9-F8 formed EBs on day 2 (a) and differentiation into hepatocytes on day 9 (b) and 15 (c¢). Immunofluorescent staining for
H9-F8-Hep with hepatocyte markers, including AFP (d), ALB (e) and AAT (f). Scale bars = 100 um. (B) RT-PCR analysis of hepatocyte maker genes for H9-F8-Hep,
involving AFP, ALB, AAT, CYP7A1. Bel7402 and H9 served as positive and negative controls, respectively. (C) H9-F8-Hep on day 21 were incubated with indocyanine
green (ICG) for 1 h (g) and the cellular excretion of ICG was examined at 16 h after the removal of ICG (h). Bel7402 as positive control (i and j). Scale bar = 50 pm.
(D) Periodic acid-Schiff's staining for H9-F8-Hep on day 21. Most of differentiated cells displayed pink staining in cytoplasm, suggesting glycogen storage (k), while a
small portion of differentiated cells showed no staining (1). Bel7402 as positive control (m) and H9 as negative control (n). Scale bar = 25 pm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

various factors at different stages. On day 3 of induction, the cells
showed a polygonal shape, and the feature became more pronounced
by day 9. Most of these cells were epithelioid or fibroblast-like. On day
15, cells were more homogeneous and polygonal in shape with large,
round and centered nuclei, like hepatocyte (Fig. 4A). The differentiated
cells were confirmed to express specific markers of hepatic lineage cells
by RT-PCR, like AFP for hepatic progenitor cells and ALB, AAT, and
CYP7A1 for hepatocyte, which were in accordance with positive control
Bel7402 (Fig. 4B). Further immunofluorescence stained by anti-AFP,
anti-ALB and anti-AAT were located on different clusters of derived
cells in the same well, in line with the RT-PCR results (Fig. 4A). Both
AFP and ALB expression may indicate that the differentiated cell po-
pulation contained both hepatic progenitor cells and mature hepato-
cytes during the induction.

To further evaluate the functionality of derived hepatocyte-like
cells, differentiated cells were first performed with the assessment for
uptake and release of indocyanine green (ICG), which is a specific
functional characteristic of mature hepatocytes. The results demon-
strated that a high percentage of ICG-positive cells were visible both in
H9-F8-derived hepatocytes on day 21 and positive control Bel7402
after 1 h incubation with ICG (Fig. 4C). In contrast, hESCs did not take
any ICG (Supplementary Fig. 3A). Sixteen hours after removal of ICG
from the medium, most of ICG were excreted from the cells (Fig. 4C).

We also measured the capacity of differentiated cell populations to
store glycogen, another physiological function of mature hepatocytes,
using the Periodic Acid-Schiff (PAS) staining procedure. We found that
a crowd of hepatocyte-like cells on day 21 exhibited PAS-positivity,-
supporting differentiation toward hepatocytes (Fig. 4D; Supplementary
Fig. 3B). Subsequent tumorgenesis testing for differentiated hepatocytes
showed no tumor generation (Supplementary Fig. 3C).

3.5. FVIII expression in MSCs and hepatocytes derived from FVIII targeted
hESCs

To address whether expression of exogenous B-domain-deleted FVIII
were obtained in rDNA targeted H9-F8 derived functional MSCs (H9-
F8-MSCs) and hepatocytes (H9-F8-Hep), RT-PCR analysis were used to
detect the FVIII mRNA transcription from these cells. FVIII targeted
hepatic immortalized cell line (HL7702) which was established in our
previous study, was used as positive control [8]. As expected, exo-
genous FVIII mRNA was only detected in rDNA targeted cells, including
H9-F8, H9-F8-MSC, H9-F8-Hep and HL7702-F8, but not present in H9,
HO derived cells (H9-MSCs and H9-Hep) and BM-MSCs (Fig. 5A), while
endogenous FVIII mRNA was present in all cultured cells. These results
revealed that the expression cassette of exogenous B-domain-deleted
FVIII could be ectopically transcribed in rDNA locus.
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Fig. 5. FVIII expression in H9-F8-MSCs and H9-F8-Hep. (A) RT-PCR analysis of
FVIII expression. Exo-FVIII represents exogenous B-domain-deleted FVIII. endo-
FVIII represents endogenous wild type FVIII. HL7702-F8 was FVIII targeted
hepatic immortalized cell line, which was established in our previous study,
serving as a positive control. (B) ELISA detection for FVIII antigen in medium
supernatant from cultured cells. nd, not detected.(Mean * SEM, n = 3 for each
group. *p < .05, ***p < .001, One-way ANOVA. Data are representative of
two independent replications).

For the secretion of FVIII proteins, the medium supernatants col-
lected from all cultured cells were tested by ELISA. The results indicated
that despite the transcription of FVIII in H9 and H9-F8, secretion of
FVIII proteins could not be detected in these undifferentiated hESCs
(Fig. 5B). In contrast, all other differentiated cells and control cells
secreted the FVIII proteins at different level. Except for the positive
control cells HL7702-F8, H9-F8-MSC showed the highest FVIII secretion
at the level of 1.06 = 0.09 ng/10° cells, which was significantly higher
than H9-MSC and control cells BM-MSC with 0.57 + 0.05ng/106 cells
and 0.37 = 0.08 ng/106 cells (p < .01) respectively (Fig. 5B). H9-F8-
Hep secreted the FVIII proteins at 0.8 + 0.07 ng/10° cells, which was
also significantly higher than H9-Hep with 0.48 + 0.06 ng/10° cells
(p < .01),but much lower than control cells HL7702-F8 with
2.52 = 0.11ng/10° cells (Fig. 5B). Compared with untargeted cells, it
was reasonable to speculate that the exogenous FVIII proteins could be
translated and secreted, and thus, contributed to the increase of total
FVIII proteins in rDNA-specific integrated hESCs derived cells.

4. Discussion

HA is a monogenic disorder and even a slight increase (about 5%) in
plasma FVIII activity could ameliorate the bleeding symptom. Hence,
HA is considered an attractive model for gene therapy research.
Extensive studies have been implemented for hemophilia using dif-
ferent vectors and strategies. Recent years witnessed an encouraging
development that viral vector-based gene therapy for hemophilia has
proceeded into phase 1/2 clinical trials [1, 3], though a continued
caution exists regarding immune response, long-term safety and effi-
cacy [1, 5]. Here, we used a novel non-viral targeting vector pHrn to
mediate exogenous FVIII expression cassette integrating into the rDNA
locus of hESCs, with the purpose of developing a stem cell-based gene
therapy for HA.

The human rDNA locus exhibits high recombination activity during
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both meiosis and mitosis, indicating that the HR of this area is highly
effective [9]. In addition, hundreds of rDNA copies per cell can serve as
potential targets for transgenes. Although HR efficiency could be fur-
ther improved with the use of artificial nuclease, like TALEN and
Crispr/Cas9 [37, 38], the potential off-target and cell toxicity are still
under assessment [39-41]. In the present study, without the help of any
artificial nuclease, we successfully transduced a large DNA fragment of
FVIII expression cassette into hESCs using eletroporation, and obtained
2 rDNA-specific integration clones out of 50 resistant clones (targeting
efficiency at 4%), supporting a high HR efficiency in rDNA region.

Balanced chromosomal translocation involving the rDNA, for ex-
ample Robertsonian translocation, usually does not show phenotypic
effects and can be inherited stably [11]. For this reason, we presumed
that transgenes targeted into the rDNA locus would also keep be stable
without unexpected effects. Our study provided evidence that the rDNA
targeted hESCs clone after dozens of passages still kept their main
characteristics, including the expression pattern of specific markers,
pluripotent properties for differentiation into three embryonic layers,
and normal karyotype. Therefore, rDNA locus would be a safe harbor
for transgene and presents great promise in cell-based gene therapy for
monogenic diseases.

The choice of target cells capable of producing sufficient and lasting
levels of FVIII has a major impact on the success of cell-based therapy
for HA [2]. hESCs, as pluripotent cells, integrated with FVIII expression
cassette could represent a long-term source for differentiation into
transplantable cells. In this study, we differentiated the FVIII-integrated
hESCs into functional MSCs and hepatocytes using our optimized pro-
tocol. We found either differentiated MSCs or hepatocytes could express
related cell markers, display their physiological functionalities and
have low risk of tumorgenesis. Particularly, differentiated MSCs could
be sufficiently expanded by over 10 passages and purified into a
homogeneous population with a homogeneous expression pattern. The
differentiated hepatocyte population contained both hepatic progenitor
cells and mature hepatocytes in our study, suggesting that extension of
induction time may be required to obtain more mature functional he-
patocytes. Recent reports revealed that MSCs may express a high level
of transcription factors involved in liver development and have the
ability to transdifferentiate into mature hepatocytes [36, 42]. Hereby,
co-translantation with the differentiated MSCs and hepatocytes may
offer reciprocal benefits for in vivo.

We detected the FVIII expression among the targeted cells. In ad-
dition, FVIII proteins were present in the supernatant of all differ-
entiated cells. But in undifferentiated targeted hESCs H9-F8, either
endogenous or exogenous FVIII mRNA or protein was detected. Similar
findings were also displayed in mouse ESCs [34]. This may be related to
different process of FVIII protein modifications in specific cell types,
although the exact mechanism is still unclear. Within the differentiated
cells, FVIII production of the genetic modified MSCs and hepatocytes
were significantly higher than that of normal cells, implying that the
exogenous FVIII proteins have been secreted, thus, increased the total
proteins. Between the differentiated MSCs and hepatocytes, we found
that regardless of cells derived from genetically modified or normal
hESCs, FVIII proteins secreted from differentiated MSCs were higher
than hepatocytes, even than BM-MSCs. The possible reason for this
could be that the differentiated MSC populations were more homo-
geneous and uniform than that of hepatocytes. With regard to the low
level of BM-MSCs, previous study revealed that MSCs isolated from
different tissues, such as lung, liver, brain, and bone marrow, had dif-
ferent level of FVIII production. Of all, lung derived MSCs exhibited the
highest FVIII activity, while bone marrow generated the lowest level
[23].

In summary, we used a nonviral rDNA-targeting vector pHrn to
target B-domain-deleted FVIII into hESCs. The site-specific integrated
hESCs retained the main properties and could be directly differentiated
into functional MSCs and hepatocytes, which could stably secret exo-
genous FVIII protein. These findings have built a foundation for future
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animal studies using co-transplantation to facilitate the cell-based
therapy for hemophilia A.

5. Conclusions

We have efficiently integrated the B-domain-deleted FVIII into the
rDNA locus of hESCs and were able to differentiate into MSCs and he-
patocytes with stable expression of exogenous FVIII. This hESCs-based
rDNA gene targeting strategy would provide a persistent source for
producing transplantable donor cells for hemophilia A treatment.
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