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Abstract
Multipotent stem cells have the potential to establish a new field of promising regenerative
medicine to treat tissue damage, genetic disorders, and degenerative diseases. However, limited
resource of stem cells has turned to be an evitable obstacle in clinical applications. We utilized a
simple in vitro epigenetic reprogramming approach to convert skin fibroblasts into multipotent
cells. After transient reprogramming, stem cell markers, including Oct4 and Nanog, became
activated in the treated cells. The reprogrammed cells were multipotent as demonstrated by their
ability to differentiate into a variety of cells and to form teratomas. Genomic imprinting of insulin-
like growth factor II (Igf2) and H19 was not affected by this short period of cell reprogramming.
This study may provide an alternative strategy to efficiently generate patient-specific stem cells
for basic and clinical research, solving major hurdles of virally-induced pluripotent stem (iPS)
cells that entail the potential risks of mutation, gene instability, and malignancy.
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INTRODUCTION
Patient-specific pluripotent stem cells may someday be useful for treating various chronic
diseases and injuries. However, the use of currently available human ES cell lines in patients
risks rejection by patients' immune system. Creating “autologous” stem cells specific to
individual patients by therapeutic cloning[1-7] has offered an alternative methodology, but
ethical concerns and technical challenges remain. The procedure for producing these stem
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cells requires human oocytes, and the successful rate of cell cloning is extremely low, baring
its practical use.

Several other approaches attempt to generate stem cells by cell reprogramming, including
cell fusion[8-11] and trans-differentiation[12], have not been successful in producing stem
cells for clinical studies. The generation of personalized stem cells from somatic cells, so
called “induced pluripotent stem” (iPS) cells from viral transduction of defined factors,
marks an important breakthrough in stem cell research[13-20]. Remarkably, these iPS cells
are indistinguishable from embryonic stem (ES) cells, as they are able to differentiate into
multiple cell types[13-16] and to produce germline-competent chimeras. The induced cell
can express stem cell marker antigens and have the ability of differentiating into mature
cells which are the source of the three germ layers under suitable conditions. Thus,
reprogramming of somatic cells to generate iPS cells using one's own skin may represent a
simple approach to circumvent the technical difficulties and ethical concerns of therapeutic
cloning.

However, numerous hurdles need to be resolved before iPS cells can be translated to the
clinic. First, the risk of tumors from iPS cells is of great concern because up to a third of the
mice produced from iPS cells have tumors associated with c-Myc reactivation[21].
Secondly, the potential risk of mutation and genomic instability derived from as many as 20
copies of random viral insertions[18] casts another safety concern. Finally, the efficiency of
forming iPS cells is still very low[16,18,22], probably reflecting the poor transduction of
four viral vectors simultaneously into a single cell to achieve cell reprogramming.

Recently, several approaches have been explored to create virus-free iPS cells[23-26].
However, the whole induction process of iPS clones is still time-consuming and very
inefficient. In some cases, the residual of retroviral sequences in the genome is still a
concern when applied to clinics.

We have proposed to test a simple approach to create induced multipotent stem (iMS) cells
from somatic cells. Unlike iPS cells, these iMS cells are transiently reprogrammed cells and
still keep original cell characteristics. However, they have the potential to be differentiated
into therapeutic cells, but in theory, unlike pluripotent stem cells, they do not impose a risk
of tumor formation from undifferentiated cells. In this study, we explored a very simple
approach to create induced multipotent cells by utilizing in vitro epigenetic reprogramming.

MATERIALS AND METHODS
Experiment reagents

DMEM/F12 medium was purchased from Hyclone (Logan, UT); fetal bovine serum (FBS)
was from Invitrogen (Carlsbad, CA); mouse anti-human Oct3/4 monoclonal antibody
(sc-5279) was from SANTA CRUZ Biotechnology; and DAB chromogenic liquid was from
MaiXin Bio-company (Fuzhou, China).

Culture of fibroblasts
Mouse fibroblasts were cultured from the abdominal skins of 3-day old Sprague-Dawley
mice (SD mouse) or M. spretus × M. musculus F1 mice using the method as previously
described[27,28]. Briefly, skin tissues (1×1 cm2) were collected under sterile conditions.
The skin was cut with scissors into small pieces (1 mm2) in phosphate buffered solution
(PBS) containing 100U/ml ampicillin and 100mg/ml streptomycin, and was digested with
DMEM containing 200U/ml collagenase and 300U/ml hyaluronidase for 24 hours at 4 C.
After centrifugation, tissues were treated with PBS containing 0.25% trypsogen and 0.02%
EDTA for 20 minutes in a 37 C shaking bath. The reaction was terminated by adding 10 ml
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DMEM/F12 medium containing 10% fetal bovine serum (FBS). The cells were collected by
centrifugation for 10 minutes at 1000 rpm. After rinsing twice with PBS, 2×105/ml cells
were seeded in 6 well plates in DMEM at 37 C, with 5% CO2 and 90% humidity. The
medium was changed every 2 days. After reaching confluency, cells were trypsinized and
used for studies. The experiment was conducted according to the protocol (#0000083)
approved by the Animal Committee of Animal Center of Kunming General Hospital.

Preparation of fish egg extracts
Fish oocytes were acquired from local fish production farms. Fish oocytes, collected under
sterile condition, were ground by mortar and extracted with equal volumes of 0.9% sodium
chloride. Egg extracts were centrifuged at a speed of 1000 rpm for 10 minutes and followed
by 3000 rpm for another 10 minutes. Supernatants were collected and filtrated by 0.2 μm
filters. Protein levels of the extracts were determined as described[29]. The extracts were
diluted using DMEM/F12 medium into 10 mg protein/ml and preserved at −80 C for studies
as stock extracts.

In vitro cell reprogramming
The third passage of cultured primary fibroblasts was used for cell treatment studies.
Exponentially growing fibroblasts were digested with trypsin-EDTA (Invitrogen, CA) and
4×105 cells were inoculated in new 6-well plates for cell reprogramming.

Two approaches were utilized to reprogram fibroblasts. The first was to directly reprogram
fibroblasts with fish oocyte extracts without cell membrane permeabilization. In this
approach, cells were directly treated for varied time with fish oocyte extracts at
concentrations of 10μ-10mg protein/ml. The second approach was to permeabilize cell
membrane before cell reprogramming using Streptolysin O (STO) as previously
described[12,30,31]. Briefly, fibroblasts were first reversibly membrane-premeabilized with
500-800 ng/mL streptolysin O (SLO, Sigma) at 37° C for 1 hr, and were reprogrammed for
1 hr at 37° C in rejuvenating buffer containing 1 mg/mL BSA, 1 mM ATP, 5 mM
phosphocreatine, 25 μg/ml creatine kinase (Sigma), 0.4 U/mL RNase inhibitor (Invitrogen),
and 1 mM each of the four dNTPs (nucleotides triphosphate), and fish oocyte extracts at
varying concentrations. The cell membrane was then resealed with DMEM containing 2 mM
CaCl2.

After treatment, cells were seeded in 6-well plates coated with laminin 1 (5μg/ml,) and
cultured in DMEM/F12 supplemented with 20% Knockout Serum Replacer (KSR), 2 mM
non-essential amino acids (NAA), 0.1 μM β-mercaptoethanol (all from Invitrogen), and 4
ng/mL bFGF (Sigma), and 10 ng/ml Leukemia inhibitory factor LIF (Sigma). Low oxygen
(3%) was used to culture the induced cells using Forma Series II 3140 Water Jacketed CO2/
O2 incubator. Cells were collected at different time points for the analysis of pluripotent cell
markers.

As a first step to identify reprogramming factors, 180 μl fish oocyte extracts (1 mg/ml) were
pretreated with 60U DNase I and/or 6 mg RNase A to remove the RNA and DNA
components. The pretreated extracts were then used to induce fibroblast reprogramming
using the same approach as described above.

Quantitation of stem cell marker gene expression
Total RNA was extracted from cells by Tri-Reagent (Sigma, St. Louis, MO) and treated with
DNase I to eliminate contamination of genomic DNA[27,29,32]. cDNA was synthesized
with RNA reverse transcriptase and gene expression was examined by PCR. The cDNAs
and primers were heated to 95° C for 5 min, then amplified by 26 cycles at 95° C for 30 sec,
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57° C for 45 sec and 72° C for 45 sec. PCR primers used for mRNA quantitation included
Oct4-sense: AAA AAG CAG GCT CCA CCT TCC CCA TGG CTG GAC ACC and
antisense: AGA AAG CTG GGT TGA TCA ACA GCA TCA CTG AGC TTC; Nanog-
sense: AAA AAG CAG GCT CTG ACA TGA GTG TGG GTC TT and antisense: AGA
AAG CTG GGT AAG TCT CAT ATT TCA CCT GG; and internal control 28S-sense: GCG
GCT TTG GTG ACT CTA and antisense: CTG CCT CCT TGG ATG TG.

Immunohistochemical staining
Cells were fixed by 4% paraformaldehyde and were washed with PBS three times for five
minutes each. The cells were incubated with 0.3% Triton-100 for 5 minutes, washed for 3
times with PBS, and blocked with endogenous peroxidase with 3% H2O2 for 5 minutes.
After PBS wash, anti-mouse antibody Oct3/4 was added to the fixed cells of both induced
and control groups and incubated at 4 C for 12 hours followed with PBS washing for three
times. Biotinylation di-antibody was added and was incubated at 37 C for 20 minutes,
followed by the same PBS washing process. After staining with DAB working solution, cell
morphology was observed with an optical microscope.

Differentiation of induced cells into other type of cells
The cells were induced with repeated treatment of fish oocyte extracts. The induced cells
were cultured in KO-DMEM medium with 15% FBS at 37° C in the presence of 1000 U/mL
of LIF, and the embryoid bodies (EBs) were formed in hanging droplets as previously
described[33]. To promote EB formation, induced cells were cultured in low oxygen (3%
O2 in a Forma Series II 3140 Water Jacketed CO2/O2 incubator).

For adipocyte differentiation, the attached EBs were treated with 10−6 M of all-trans-
retinoic acid (ATRA) for 3 d followed by 10−7 M of insulin and 2 × 10−9 M of
triiodothyronine (T3)[33]. Differentiated adipocytes were stained with Oil-Red-O and
counterstained with hematoxylin.

For muscle differentiation, induced cells were differentiated in Iscove's MEM supplemented
with 20% FBS, 2 mM L-glutamine, 1x nonessential amino acids, 450μM monothioglycerol
(Sigma) and antibiotics[34]. Skeletal muscle was induced in DMEM supplemented with 2%
inactivated horse serum and 30% C1C12 cell conditional medium. Myotube formation
during the differentiation was examined by microscopic observation, using immunostaining
with mouse anti-MHC primary antibody (Sigma, 1:500).

For cardiomyocyte differentiation, EBs were collected and induced in 10% FBS/KO-DMEM
containing 100 ng/mL activin A, 10−6M ATRA, 10 ng/mL bFGF for 3 d and were switched
to N2 medium containing DMEM/F12 (1:1) supplemented with B27 (Invitrogen, CA), 1 μg/
mL of laminin, 10 mM nicotinamide and 10 ng/mL bFGF. Beating cardiomyocytes were
examined under an inverted microscope and cells were immunostained using a 1:100
Troponin T mouse monoclonal antibody (Lab Vision, Fremont, CA).

A three-step method[35] was used with minor modifications to differentiate insulin-
secreting cells. The insulin-secreted cell clusters were stained by primary antibodies of
insulin AB-6 mouse monoclonal antibody (1:200, Lab Vision, Fremont, CA), and anti-C-
Peptide antibody (1:100, LINCO Research, Inc., St. Louis, MO). DAB (3,3′-
diaminobenzidine) was used as the reaction substrate.

Generation of neuroectodermal cells from reprogrammed cells was performed by the method
described previously by Zhang et al[36]. Briefly, aggregated EBs were differentiated to form
large numbers of neural tube-like structures in the presence of FGF-2. Neural precursors
were isolated and purified on the basis of their differential adhesion. Following the
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replacement of FGF-2 with brain-derived neurotrophic factor (BDNF), the cells were
differentiated into neurons, astrocytes, and oligodendrocytes. Immunohistochemical staining
of neural cells was performed using polyclonal antibodies against nestin (Chemicon,
Temecula, CA, 1:750) and βIII-tubulin (Covance Research Products).

Teratoma formation in animals
We further examined the ability of the induced cells to generate teratomas in animals.
Induced cells were suspended at 2.5×107 cells/ml in 0.9% normal saline. Nude mice were
anesthetized with diethylether. We injected 200μl of the cell suspension (5.0×106cells)
subcutaneously into the dorsal flank. Two weeks after the injection, tumors were surgically
dissected from the mice. Samples were fixed in PBS containing 4% formaldehyde, and
embedded in paraffin. Sections were stained with hematoxylin and eosin. Neural tissues
were immunostained by S-100 antibody.

Imprinting status of Igf2 and H19 in reprogrammed and differentiated cells
To examine genomic imprinting, we created iMS cells from MBW2 cells that were cultured
from an F1 newborn mouse derived from breeding a M. spretus male with a C57B/6
female[27,29,32]. MBW2 cells contained several polymorphisms, with which it is easy to
study the imprinting status of several known imprinted genes[27,37,38]. As previously
described, total RNA was extracted from cells by TRI-REAGENT (Sigma, St. Louis, MO),
according to the manufacturer's guide, and cDNA was synthesized with RNA reverse
transcriptase. Genomic imprinting was examined by PCR in cDNA samples using primers
specific for polymorphic restriction enzymes in Igf2 and H19. PCR primers used to measure
allelic expression of H19 were #4025 (sense): TAAGTCGATTGCACTGGTTTGGAGT,
and #4026 (antisense): TGATGGAACTGCTTCCAGACTAGG; and Igf2 were #MII84
(sense): CTTGTGCTGGATCGCTGCTTACGG, and #MII219 (antisense):
CTGCGACGGTTGGCACGGCTTGA. Allelic expression of H19 was assessed by
polymorphic restriction enzyme Fok1 and Igf2 by Mbo1[32,37,38]. PCR products were
digested with polymorphic restriction enzymes and were electrophoresed on 5%
polyacrylamide-urea gel and scanned by PhosphoImage Scanner (Molecular Dynamics,
Sunnyvale, CA).

RESULTS
In vitro cell reprogramming

In this study, we used two approaches to reprogram fibroblasts. The first approach was to
directly reprogram fibroblasts without cell membrane permeabilization. Skin fibroblasts
were directly treated with varying concentrations of fish oocyte extract and cells were
collected at different time points for the analysis of pluripotent cell markers.

Depending upon the concentration of fish oocyte extracts used, treated fibroblasts underwent
a change in cell morphology. Following a short exposure to low concetrations of extracts,
cells grew more rapidly than did control cells (Fig.1A, middle panel). After repeated
exposure of cells for more than three passages, we found that cells formed colonies,
especially when seeded on MEF feeder cells (Fig.1A, right panel). When exposed to high
concentrations of oocyte extracts, however, the fibroblasts became enlarged with an
irregular cell morphology.

Treatment with fish oocyte extracts also significantly promoted cell proliferation. Skin
fibroblasts were treated with varying concentrations of extracts. Forty-eight hours after the
treatment, cells number was measured using the MTT assay. At low concentrations, fish
oocyte extracts increased cell growth (Figure 1B). Cell proliferation gradually decreased
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from the peak when the extract concentration was over 25μg protein/ml. Therefore, in
subsequent studies, we exposed cells to low concentration of the fish oocyte extracts for a
relatively short period of time.

We also tested cell reprogramming following Streptolysin O cell membrane
permeabilization. However, in most cases with high doses of extracts we observed more cell
death than the direct incubation approach, probably due to cell toxicity (data not shown).
Thus, permeabilization with Streptolysin O greatly sensitized cells to the extract treatment.
As a result, low doses of extracts were used in this approach.

Expression of stem cell marker genes
After exposure to the fish oocyte extract, we collected the reprogrammed cells and used RT-
PCR to examine expression of several marker genes related to cell pluripotency. As
expected, Oct4 and Nanog were not expressed in primary fibroblasts. However, both
pluripotent markers became activated in treated cells as early as 48 hr following
reprogramming (Fig.2A).

We then used immunohistochemical staining to identify Oct4 protein in fibroblasts treated
with varied concentrations of fish oocyte extracts. Untreated fibroblasts did not stain for
Oct4 (Figs 2B, 2E), but Oct4 protein was expressed in the reprogrammed cells treated with
10μg protein/ml extracts (Fig.2C). Cells induced with high concentrations of fish oocyte
extracts expressed more Oct4 protein, but cell growth was also affected (Figs.2D, 2F).
However, with extended induction, colony proliferation was more obvious in the group
treated with very high concentrations of fish oocyte extracts (10mg protein/ml). These
colonies expressed abundant Oct4 proteins (Fig.2G).

Multipotency of the reprogrammed cells
To confirm the multipotency of established iMS cells, we assessed their ability to
differentiate into other types of cells. We followed the conventional two-step procedures
used for differentiating embryonic stem cells. We found that these shortly reprogrammed
cells were able to be differentiated into other types of cells.

In the early stage of differentiation, iMS cells secreted insulin and formed small insulin-
positive clusters (Fig.3A). After a longer period of differentiation, the clusters expanded and
joined together to form larger islands of insulin-secreted cells (Fig.3B), and secreted C-
peptide (Fig.3C).

In the presence of media used to differentiate skeletal muscle, the iMS cells aggregated and
fused, and ultimately formed typical skeletal myocyte tubes with multiple nuclei and
synthesized skeletal muscle-specific proteins (Fig.3E). In a separate study, we were able to
differentiate iMS cells into cardiomyocytes that immunostained with anti-troponin serum
(Fig.D). Interestingly, the cardiomyocytes were functional, beating in the medium at a rate
of 26-30 beats/min.

Similarly, iMS cells were able to form precursor adipocytes and then mature adipocytes in
the presence of retinoic acid. In this study, we found that almost all iMS cells were positive
for lipid staining with a much higher frequency than E14 ES cells. The synthesized lipids
accumulated in the cytoplasm (Fig.3F). We also differentiated IMS cells into neural
precursors (Fig.3G). After selection and induction, these neural precursors were further
differentiated into mature neurons.
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These data demonstrated that these in vitro reprogramming-derived iMS cells possess
similar potency as other stem cells in differentiating into a variety of cell types that are
useful for cell therapy.

Teratoma formation from reprogrammed cells
The induced cells were transplanted subcutaneously into dorsal flanks of immunodeficient
mice. Two weeks after injection, we observed tumor formation. Histological examination
showed that the tumor included various tissues containing blood vessels, neuronal, muscle
and adipose tissues (Figs.4A, 4B). Immunohistochemical staining showed the presence of
neural tissues that were positive for the glial marker S100 (Figs.4C, 4D).

Imprinting status of Igf2/H19
Nuclear cloning is often accompanied by the alteration of epigenetics in offspring, resulting
in the low efficiency of animal cloning[39]. We thus investigated whether the in vitro
nuclear reprogramming by nuclear extracts also caused the similar abnormalities in formed
iMS cells and differentiated cells. We created iMS cells from FSKN4 fibroblasts that were
derived from the skin of a F1 mouse hybridized between a M. spretus male and a C57BL/c
female. It was thus easy to study the epigenetic modifications in several known imprinted
genes using the known polymorphisms[29].

Imprinting status of two common imprinted genes was tested in iMS cells and differentiated
cells using primers specific for insulin-like growth factor II (Igf2) and H19. Igf2 is normally
expressed from the paternal allele and H19 is using their maternal allele for transcription. As
seem in Figure 5, untreated control FSKN4 fibroblasts maintained imprinting for Igf2 and
H19, with only the one of the parental alleles expressed. The same imprinting pattern was
observed in the reprogrammed iMS clones. These data thus indicate that epigenetics and
imprinting status of these two genes are maintained well during this in vitro nuclear
reprogramming, thus providing a potential advantage over those procedures that often
causes aberrant imprinting in the offspring or tissues.

However, in some differentiated cells, especially in insulin-secreting and neural precursor
cells, H19 and Igf2 showed the biallelic expression in differentiated cells (Fig.5).

Reprogramming with DNA/RNA-removed extracts
As an initial step towards exploring the mechanism underlying cell reprogramming, we
pretreated fish oocyte extracts with DNase I and RNase A, aiming to exclude the role of
DNA and RNA in the extracts. The pretreated extracts were then used to reprogram
fibroblasts. Expression of pluripotent cell marker Oct4 was measured using RT-PCR. As
seen in Figure 6, pretreatment with either DNase or RNase does not significantly affect the
expression of Oct4 in treated cells (lanes 2 and 4), although there was a slight decrease in
Oct4 expression in cells treated with both DNA and RNA removed extracts (lane 3). These
data suggest that the DNA and RNA components in the extract contribute very little to the
induction of cell multipotency.

DISCUSSION
This study describes an economic and efficient approach to generate multipotent cells useful
for cell replacement therapy. After a brief exposure to fish oocyte extracts, skin fibroblasts
become at least partially reprogrammed as demonstrated by 1) enhanced cell proliferation
and 2) the activation of a set of genes characteristic of undifferentiated embryonic stem (ES)
cells. The alterations in cell growth and gene expression profiles implicate global
remodeling of chromatin by this short period of cell reprogramming. Notably, Oct4 and
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Nanog, which are expressed in ES cells to maintain pluripotency[40-44], were activated in
these reprogrammed cells. Oct4 and Nanog regulate the ES potency network by acting on
promoters of thousands of ES genes[45-47], which collectively define ES cell identity
through their essential roles in early development.

We have demonstrated that the induced cells produced under low oxygen culturing are able
to be differentiated into multiple functional cell types, including insulin-secreting islets,
beating myoblasts, skeletal muscle, adipocytes, and neural cells (Fig.3), suggesting a
potential for multiple lineage differentiation and acquisition. The capacity of forming
teratoma in nude mice also demonstrated that the induced cells, at least partially, exhibit
differentiation potency (Fig.4). Thus, the transient reprogramming by fish oocyte extracts
was able to form a functional transcriptional network between these factors in a similar
manner towards cell multipotency as in other stem cells, like mesenchymal stem cells from
bone marrow and adipose tissue[48-52]. We found that the reprogrammed cells showed
similarity in cell morphology to bone marrow stromal cells.

Most published reports that use xenopus oocyte extracts or embryonic stem cell extracts to
reprogram cells required cell membrane pore opening with either detergents or streptolysin
O[9,12,30,31]. With cell permeabilization, the presumed cellular factors in the extracts enter
the cell to reprogram the nucleus. After reprogramming, the cell membrane needs to be
resealed by incubation in a low concentration of calcium in the medium. In addition, cell
reprogramming usually required the sufficient supply of energy from ATP, creatine
phosphate, and creatine kinase to be provided in the reaction mixture. However, in this study
we demonstrated that skin fibroblasts were able to be reprogrammed simply by adding fish
oocyte extracts in the cell medium without adding any permeabilizing agents.

In our experience, a short exposure of the fish oocyte extracts at low concentrations was a
gentle reprogramming process that did not induce any noticeable cell damage. Cell growth
became retarded only after the exposure to very high concentrations of extract. In a separate
study, using this strategy we also demonstrated the generation of multipotent cells useful for
cell therapy from human fibroblasts cultured from forearm skin (Zhu et al, unpublished
data). The activation of ES marker genes was in parallel with CpG DNA demethylation of
gene promoters in treated human fibroblasts. The induced cells formed teratomas in nude
mice and were able to be differentiated into heamatopoitic precursor cells. When implanted
in the kidney and liver of the monkey fetus, the BrdU-labeled human iMS cells were able to
differentiate into functional hepacytes and renal tubules (Zhu et al, unpublished data).
Collectively, these data demonstrate that the approach used in this study may be useful to
efficiently reprogram somatic cells and greatly simplify the process of cell reprogramming.

The success in generating induced multipotent cells using this approach led us to explore the
possible mechanism underlying genomic reprogramming. We showed that fibroblasts were
induced to express pluripotent markers no matter whether cell membrane was permeabilized
or not. Without cell membrane permeabilization, it is hard for the passive entry of
macromolecules in the extracts into the cell, like ES transcription factor proteins Oct4, Sox2,
and Nanog. Theoretically, only small molecules can freely penetrate into the cell for
reprogramming. It is thus assumed that small peptides or non-peptide molecules in the
extract initiate cell reprogramming or that large molecules are endocytosed or otherwise
actively transported into the cell. There is evidence for the regulation of multiple target
genes by a single small interfering RNA[53,54], which functions at a posttranscription level
or through a control of DNA methylation[54-59]. It is possible that small non-coding RNAs
in the oocyte extract could participate in nuclear reprogramming in this model. However,
our study using occyte extracts pretreated with RNase and DNase did not significantly alter
the efficiency of cell reprogramming (Fig.6).
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Alternatively, it is possible that fish oocyte extracts may be different from other extracts,
like xenopus oocyte extracts, in that they may contain other soluble factors that interact with
cellular surface receptors and activate one or more signal pathways involved in cell
reprogramming. Further studies are needed to address the specific mechanisms underlying
cell reprogramming by this short exposure of fish occyte extracts.

It should also be noted that there are many cases in which cells are reprogrammed without
altering cell membrane permeabilization. Cell microenvironment (or cell niche) is able to
significantly modify epigenotypes of a group of functional genes, leading to the altered cell
phenotype. As a typical example, intact somatic cells can be reprogrammed when
transferred into the enucleated oocytes[60,61]. Tumor cells significantly alter their
phenotypes when co-cultured with bone marrow stromal cells[62] or fetal fibroblasts[63].
Another notable case is that pretreatment of skin keratinocytes with ES conditional medium
epigenetically changes gene expression, including pluripotent markers Oct4, Sox2, and
Nanog[64]. Thus, it could be possible that fish oocyte extracts may create a reprogramming
environment that turns on the expression of multipotent genes in skin fibroblasts.

Nevertheless, the in vitro cell reprogramming approach as described in this study offers
many advantages over existing strategies in generating patient-specific stem cells for clinical
applications. First, the reprogramming process is very simple, consisting of a short exposure
of cells to fish oocyte extracts in the medium. No viral delivery or construction of vectors is
required in this approach. The method can be easily adopted in any lab that is equipped with
cell biology facility. Potentially, this methodology can be for large scale production of cells
for clinical studies. Second, the method appears to be free of many safety concerns. The fish
eggs are themselves edible. Third, the methodology is very simple. The multipotent cells can
be generated with an overnight incubation or with a repeat treatment of second passage cells.
The generation of iPS cells, on the other hand, usually requires months of cell culture.
Finally, the approach used in this study is very efficient in yielding multipotent cells. We
found that after reprogramming, nearly all of the treated cells stained positive for Oct4. In
contrast, the existing strategies using defined factors are generally inefficient and usually
generate iPS cells from millions of starting cells[16,18,22].

It is also worth noting that the induced cells generated from in vitro programming behave
very much like bone marrow stromal cells (BMSCs) and umbilical cord blood mesenchymal
stem cells (UBMSCs). Both BMSCs and UBMSCs have been broadly tested in both animal
models and human clinical trials. They are recognized as a safe recipe for treating patients
with a variety of diseases. In clinical applications, it is not necessary to fully differentiate
these stem cells. In contrast, complete differentiation is sometimes required for clinical
testing of embryonic stem (ES) cells. Undifferentiated ES cells may pose a risk of
tumorigenesis. Thus, from this point of view, we predict that the induced potent cells from
this study will also be proved safe in treating patients without concerning of the tumor risk.

CONCLUSIONS
This study demonstrates that a simple method of in vitro reprogramming with fish oocyte
extracts may be sufficient to epigenetically remodel somatic cells to a state that resembles
multipotent stem cells such as bone marrow stromal cells and umbilical cord blood
mesenchymal stem cells. The reprogrammed cells exhibit the potential to be differentiated
into other cell types useful for cell replacement therapy. Further studies are needed to
examine whether these induced cells can be safely utilized to replace embryonic stem cells
or iPS cells in treating diseases in animal models.
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Figure 1. Enhanced cell proliferation after in vitro reprogramming with fish oocyte extracts
A. Morphological change of fibroblasts treated with fish occyte extracts. Fibroblasts were
treated with PBS control (left panel), fish oocyte extracts (10μg protein/ml) for 12 hours
(middle panel), and repeat treatment of fish oocyte extracts (10μg protein/ml) for three
passages (right panel).
B. Cell growth of fibroblasts following the exposure of varying concentrations of fish occyte
extracts. Forth-eight hours following the treatment, cells were measured with the MTT assay
and standardized using the PBS-treated control group as 100%.
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Figure 2. Activation of pluripotent cell marker genes following cell reprogramming
A. Measurement of Oct4 and Nanog expression by RT-PCR. Treated cells were collected at
48 and 72 hours following extract treatment and were used for PCR quantitation of Oct4 and
Nnaog mRNAs. CT: PBS control. 18S RNA was used as the internal control for PCR.
mRNA ratio: PCR band density of Oct4 and Nanog over that of 18S RNA. Note the
activation of both pluripotent genes in treated cells.
B-G. Immunohistochemical staining of Oct4. Skin fibroblasts were treated with PBS control
(B, E, ×200) or varying concentrations of fish occyte extracts: 10 μg/ml for 12 hours (C,
×200); 2 mg/ml for 12 hours and then 1 mg/ml for another 12 hours (D, ×200); 10mg/ml for
12 hours (F, ×400); and clone proliferation from repeated treatment with 10mg/ml (G,
×200).
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Figure 3.
Differentiation of induced cells into other cell types. After repeated exposure to fish occyte
extracts under 3% O2 culturing, cell clones were expanded and induced into other cell types.
A: immunostaining for insulin in early differentiation; B: immunostaining of insulin in cell
clusters; C: C-peptide-positive clusters; D: immunostaining of beating cardiocytes with anti-
troponin; E: immunostaining of Troponin T; F: adipocytes stained with oil red O; and G:
neural precursor cells immunostained with anti-nestin.
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Figure 4.
Teratoma formation from the induced multipotent cells. Skin fibroblasts were exposed to
fish occyte extracts and were transplanted subcutaneously into the dorsal flank of nude mice.
Two weeks after the injection, tumors were surgically dissected and stained with
hematoxylin and eosin (A, B). The presence of neural structures was identified by
immunostainign with S-100 antibody (C, D).
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Figure 5.
Status of genomic imprinting of insulin-like growth factor II (Igf2) and H19 in induced cells
and differentiated adipocytes. iMS: induced multipotent cells; Di-iMS: differentiated iMS
cells. Allelic expression of Igf2 was distinguished by restriction digestion of PCR products
with Dpn2 and H19 by Fok1. Note the maintenance of mono-allelic expression of both Igf2
and H19 in both fibroblast controls and induced cells. Biallelic expression of both Igf2 and
H19 was observed in some differentiated cells.
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Figure 6.
Oc4 expression in cells treated with fish oocyte extracts in which DNA and RNA were
removed. Fibroblasts were induced for 48 hours with extracts that were pretreated with
DNase I and/or RNase. Expression of Oct4 was measured with RT-PCR as described as in
Figure 2.
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