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ABSTRACT Dermal papilla (DP) cells are unique regional stem cells of the skin that induce formation of a hair fol-
licle and its regeneration cycle. DP are multipotent stem cells; therefore we supposed that the efficiency of DPC
reprogramming could exceed that of dermal fibroblasts reprogramming. We generated induced pluripotent stem
cells from human DP cells using lentiviral transfection with Oct4, Sox2, Klf4, and c-Myc, and cultivation of cells
both in a medium supplemented with valproic acid and at a physiological level of oxygen (5%). The efficiency of DP
cells reprogramming was ~0.03%, while the efficiency of dermal fibroblast reprogramming under the same condi-
tions was ~0.01%. Therefore, we demonstrated the suitability of DP cells as an alternative source of iPS cells.
KEYWORDS Hair follicle dermal papilla (DP) cells, induced pluripotent stem (iPS) cells, reprogramming.
ABBREVIATIONS AP — alkaline phosphatase, BSA — bovine serum albumin, DMEM /F12 — Dulbecco’s Modified
Eagle Medium: Ham’s Nutrient Mixture F-12, DP — dermal papilla, ES cells (ESCs) — embryonic stem cells, FBS —
fetal bovine serum, iDP cells (iDPCs) - iPS from DP cells, iPS cells (iPSCs) — induced pluripotent stem cells,
PBS — phosphate buffered saline, PFA — paraformaldehyde, PSCs — pluripotent stem cells.

INTRODUCTION

The generation of induced pluripotent stem (iPS) cells,
which are of significant interest in medicine and devel-
opmental biology, is one of the topical problems of stem
cell research. Advanced cell technologies allow one to
generate various iPS cell lines that can be used to mod-
el diseases and test new drugs. Developing iPSC-based
therapy is associated with the generation of products
for replacement enzyme therapy and, further, for cell
transplantology.

Hair follicle dermal papilla cells are regional stem
cells of the skin and a unique subject for study. They
play the key role in the morphogenesis of a hair follicle
and its growth cycle. Reorganization of hair is a result of
a series of inductive interactions between skin epithe-
lial and mesenchymal cells during the growth cycle of
a hair follicle. Back in 1967, Oliver demonstrated that
DP cells can induce the generation of hair follicles [1].
DP cells of scalp hair originate from the neural crest; DP
cells of the dorsal side of the body are derivatives of the

somite dermatome, while DP cells of the visceral body
side originate from the splanchnotom visceral layer. It is
well known that the WNT, BMP, and FGF signal paths
act in intact DP cells [2]; their activation promotes main-
tenance of the inductive properties of cultured DP cells.
The most commonly tested markers of dermal papilla
include alkaline phosphatase (AP), versican, CD133 (in
mice), Noggin, and Lefl. ALP is probably the most ac-
curate marker of DP cells. Maximum expression of this
enzyme is observed during early anagen. ALP is con-
sidered to be an indicator of the DP induction potential.
Versican is an extracellular matrix proteoglycan synthe-
sized during the anagen. A number of proteins, including
the aforementioned ones, very often cannot be detected
during DP cell passage, and the induction potential of
DP cells disappears with time.

By the time we started our study, no data or publica-
tions devoted to the reprogramming of DP cells of the
human hair follicle were available. A number of au-
thors have assumed that successful reprogramming of
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somatic cells to a pluripotent state is impossible without
induced expression of the four pluripotency transcrip-
tion factors Oct4, Sox2, Klf4, and c-Myc [3—5]. Higgins
et al. [6] demonstrated that Klf4 and c-Myc begin to be
expressed in cultured cells, while they cannot be de-
tected in intact DP. In contrast, another reprogram-
ming factor, Sox2, is synthesized in intact DP but not
in culture [7]. However, two years earlier, in 2010, the
same authors had denied the fact that Sox2 synthe-
sizes in human DP cells [6]. With allowance for these
facts, we set out to use DP cells as an alternative source
of iPS cells and to analyze their reprogramming effi-
ciency. We assumed that at least two (Kl1f4 and c-Myc),
or even three (Sox2, Klf4, and c-Myc), reprogramming
factors may be synthesized in non-reprogrammed DP
cells, this promoting cell transition to the pluripotent
state. The cells were cultured in a medium supplement-
ed with valproic acid [8] and at a physiological oxygen
level (5%) [9] to increase reprogramming efficiency.
Therefore, our study was aimed at generating iPS cells
from human DP cells under set conditions and at com-
prehensively characterizing the generated iDP cells.

EXPERIMENTAL

Cell cultures

The following cell cultures were used in the study: hu-
man hair follicle dermal papilla (DPC) cells; hESMK05
human embryonic stem cells, kindly provided by M.A.
Lagarkova (Vavilov Institute of General Genetics, Rus-
sian Academy of Sciences), and primary mouse embry-
onic fibroblasts (MEFs).

DP cells were isolated according to our own proce-
dure [10] and cultured in AmnioMAX II (Gibco) sup-
plemented with penicillin (50 U/ml) and streptomycin
(50 pg/ml) (Paneco). The medium was changed every
3—4 days. As soon as a cell layer reached the subconflu-
ent state, the cells were passed ata 1 : 3 ratio. hESMK05
and reprogrammed iPS cells were cultured in mTeSR™
1 (STEMCELL Technologies) at 37°C, 5% CO, and 5% O,
PSCs were passed either mechanically, with a plastic
tipped pipette, or by incubation in a 1 mg/ml dispase
solution (STEMCELL Technologies) on a cultural sub-
strate Matrigel, a mixture of extracellular matrix pro-
teins and proteoglycans (BD Biosciences); the medium
was changed daily.

Generation of iDP cell clones

DP cells of the third passage (0.5 mln per a 30—60 mm
Petri dish) were infected with lentiviral vectors carrying
the pluripotency genes (Oct4, Sox2, KIf4, and c-Myc) in
the DP cells culture medium supplemented with 5 pg/
ml Polybrene (Sigma) at 37°C, 5% COz’ and 5% O, over-
night. Through the first seven days, the medium was
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supplemented with small molecule compounds enhanc-
ing reprogramming efficiency, 2 mM valproic acid (Sig-
ma) and 50 pg/mL ascorbic acid (Sigma), and changed
every other day. On day 8, the reprogramming medium
was replaced with the medium for pluripotent stem cells,
mTeSR™ 1 (STEMCELL Technologies), and was further
changed daily. Cells in their first passages were mechan-
ically plated onto mitotically inactive MEF's and, with
the beginning of colony contacting, onto Matrigel-coated
plastic dishes (BD Biosciences). The aforementioned ad-
ditives were discontinued from the first cell passage onto
100 mm Petri dishes. Within 2—3 weeks after passing,
iPSC clones were selected according to a PSC-surface
marker, Tra-1-60, using vital immunolabeling and me-
chanical selection of positive clones.

Alkaline phosphatase activity assay
The activity of AP was assayed using an NBT /BCID kit
(Roche), according to the manufacturer’s protocol.

Immunocytochemistry and flow cytometry

For immunofluorescent assay, the cells were fixed in
a 4% paraformaldehyde solution. The cells were incu-
bated with primary antibodies (see the Table) in PBS
with either 1% BSA (Helicon) or 5% FBS (BioWest) at
4°C overnight, and then with the secondary antibodies,
Alexa Fluor 488, Alexa Fluor 594, or Texas Red, at the
ambient temperature for 60 min. Nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI) in
PBS (Vector Laboratories) at the ambient temperature
for 10 minutes. The specimens were analyzed on an Ol-
ympus IX51 fluorescent microscope (Olympus) and a
Coolpix 8700 digital camera (Nicon). Cells expressing
PSC surface antigens were quantified on a Cell Lab
Quanta™ SC flow cytometer (Beckman Coulter). Three
replicates of a sample, at least 30,000 cells each, were
analyzed.

Telomerase activity test

Cell telomerase activity was assayed using the TRA-
PEZE® XL Telomerase Detection Kit (Millipore) and
Encyclo polymerase (Evrogen) as a PCR enzyme.

RT-PCR gene expression assay

Total RNA was isolated with the use of Quick-RNA™
MiniPrep (Zymo Research) according to the manufac-
turer’s protocol, slightly modified. Reverse transcrip-
tion (RT) was performed using the RT-PCR kit and
oligo(dT)15-primers (Sileks). Primers were selected
according to Ohnuki et al. [11] from the primer bank
http://pga.mghharvard.edu/primerbank/index.html.
PCR was performed using a ScreenMix-HX (Evrogen)
and a Bio-Rad amplifier. PCR products were sepa-
rated by electrophoresis in 2% agarose gel in a Tris-
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List of used antibodies

acetate buffer and visualized using a UV gel analyzer
(BioRad).

Real-time PCR gene expression assay

Real-time PCR was performed using HS-SYBR (Evro-
gen), and cDNA generated with reverse transcription
was analyzed as follows: cDNA (from 15 ng of RNA)
and 10 pg of each primer selected from the primer
banks http://pga.mgh.harvard.edu/primerbank/index.
html and http://medgen. ugent.be/rtprimerdb were
used for each reaction; cDNAs diluted 4-, 16-, 64-, and
256-fold in three replicates were used to build a cali-
bration curve. Amplification was performed according
to the following program: 95°C — 10 min, followed by
40 two-stage cycles: 95°C — 15 s, 60°C — 1 min in a 7500
Real-Time PCR System (Applied Biosystems). A melt-
ing profile of the reaction products was constructed
after 40 cycles and used to analyze reaction specificity
and by-products.

Generation, culturing, and analysis

of embryoid bodies (EBs)

EBs were generated by culturing in either a Ag-
greWell™ (STEMCELL Technologies) or DMEM /F12
(Gibco) medium supplemented with a 20% KSR serum
substitute (Gibco); 1X NEAA (Gibco); 1X GlutaMAX
(Gibco); penicillin (50 U/ml), and streptomycin (50
pug/ml, Paneco). Each embryoid body was formed in
a hanging drop and grown in the suspended state in
Ultra Low Adhesion Plates (Corning), preventing cell-
plastic attachment. The medium was changed daily.
EBs were fixed in 3% paraformaldehyde, incubated
in a 15% sucrose solution, embedded into Tissue-Tek®
OCT™ Compound (Sakura)o and frozen in liquid nitro-
gen. Next, 7.5 um thick sections were cut with a cry-
otome (CM1900) and layered onto positively charged
microscope slides. Non-specific binding was blocked in
PBS with a 1% BSA solution. Further, the samples were
prepared as aforesaid.
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Directed in vitro iPSC differentiation

Both pieces of embryoid bodies and undifferentiated
cells (clusters occupying 10—20% of the cultural dish
surface) were used for differentiation. Immunocy-
tochemical staining was used to identify differentiation.
Osteogenic differentiation was induced by cell cultur-
ing in a medium containing DMEM /F12 (Gibco), 10%
FBS (Gibco), 2 mM glutamine (Paneco), 10 ng/ml he-
patocyte growth factor (HGF, Invitrogen), 10 ng/mL
epidermal growth factor (EGF, PeproTech), 20 ng/
ml bone morphogenetic protein 2 (BMP2, R&D), and
0.03 mM nicotinamide. In case of support-grown cells
forming ESC-type colonies, the entodermal differentia-
tion program was induced by supplementing the medi-
um with activin A (R&D) at a 100 ng/ml concentration
during the first 2—3 days (no activin A was required
for differentiation from EBs). After discontinuation of
activin A, the medium was supplemented with 30 ng/
ml of fibroblast growth factor 4 (FGF4, Invitrogen). As
soon as the cell layers reached 80% confluence, FGF4
and BMP2 were removed from the medium and the
cells were further cultivated with oncostatin M (10 ng/
ml, R&D) and dexamethasone (0.1 uM, Sigma-Aldrich)
for 5—7 days. After passaging, 1X B27 (Gibco) was add-
ed to the medium for the next 7—10 days. To induce
neural differentiation, 20 ng/mL of both Noggin (In-
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Fig. 1. Generation of hu-
man iDP cells. Morphology
of cultured DP cells before
reprogramming factors infec-
tion (A) and emergence of
first reprogrammed clones
on the 8" day after infec-
tion (B) and 11" day after
infection (C). Expression of
alkaline phosphatase in non-
reprogrammed (passage 6)
DP cells (D) and in generated
(passage 6) iDP cells (E).
Immunofluorescent detection
of nucleus proteins: Oct4(F),
Sox2 (G), and Nanog (H),
and surface antigens: SSEA3
(L), SSEA4(M), Tra- 1 -60
(N), and Tra-1-81 (O) in iDP
cells. G, |, K, L-O - nuclei are
counterstained with DAPI
(blue). Scale bars = 200 um.
(G, I, K — the same visual fiels
as F, H, Jrespectively)

vitrogen) and fibroblast growth factor 2 (FGF2, Pepro-
Tech) were added to DMEM /F12 (Gibco) with 3% FBS
(Gibco), 1 XX NEAA (Gibco), 1X GlutaMAZX (Gibco),
penicillin (50 U/ml), and streptomycin (50 pg/ml) (Pan-
eco) for seven days. The cells were then cultivated with
1x B27 (Gibco); seven days later, 10 ng/ml of both the
neurotrophic growth factor (BDNF, PeproTech) and
nerve growth factor B (NGFf3, PeproTech) were added
and the cells were cultivated for the next 7—14 days.

Karyotyping

To prepare chromosome plates, colcemid (Colcemid,
Gibco) was added to the culture medium. After col-
cemid incubation, the cells were kept in a hypotonic
solution (60 mM KCl) and fixed in methanol: ice acetic
acid (3 : 1) cooled to —20°C. The resulting suspension
was dropped onto microscopic slides from a height of
approximately 10 cm and the fixator was fired on the
glass. For the differentiated staining, the chromosome
plates were processed with fluorescent dyes DAPI and
7-aminoactinomycin D (7-AAD).

Teratoma formation test

The pluripotent state of induced cells was assayed us-
ing the standard in vivo teratoma formation test. Ap-
proximately 5x10° undifferentiated cells were injected
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subcutaneously to Nude immunodeficient mice. After
tumor formation, the mouse was euthanized; the tumor
was cut out and fixed; histologic and immunohistologic
samples were prepared.

RESULTS AND DISCUSSION

iPS and ES cells share a number of morphological and
metabolic parameters. The study compares the gener-
ated iPS and human ES cells (hESMKO05).

Transfection, isolation, and cultivation of iDP cells
The early stages of reprogramming include changes
in cell dimensions and shape, as well as organization of
the cytoskeleton and receptors. The emergence of cells
visually distinct from the initial culture can be a signal
of the onset of a reprogramming process in the trans-
fected cells. We used a histone deacetylase inhibitor,
valproic acid [8], along with incubation of the cells in
5% oxygen to enhance reprogramming efficiency. We
observed the emergence of the first cell colonies with
an altered morphology on the 8" day after lentiviral
transfection of DP cell culture (Fig. 1B), which points to
one of the reprogramming parameters, mesenchyme-
epithelial transition [12]. At this moment, the repro-
gramming medium was replaced with mTesrl to main-
tain the undifferentiated state. The colonies increased
in size and new colonies emerged with time. Virtually
all colonies had an ESC-like morphology and distinct
shapes. The morphological parameters of all the gener-
ated clones were virtually identical. The high nucle-
us-to-cytoplasm ratio was typical of the cells forming
these colonies (same as that for ESCs) (Fig. 1C).

Only a small number of morphologically similar
transformed colonies travel all through reprogram-
ming to the pluripotent state; therefore, discriminat-
ing between the totally and partially reprogrammed
clones became our next challenge. The morphological
similarity of the separated clones to PSCs is a common
parameter used to separate reprogrammed cells from
the pool of non-reprogrammed ones. AP is one of the
pluripotent state markers; hence, assay of its expres-
sion is the common first stage leading to further cloning
of AP positive colonies [13, 14]. However, expression of
AP is typical of intact DP cells [15], and the positive sig-
nal raised a question as to whether the AP expression
resulted from cell reprogramming or from the integrity
of the maternal cells parameters. Therefore, we consid-
ered selection of the clones according to this parameter
to be unreasonable. To simplify the separation of to-
tally reprogrammed iPS cells, we performed vital im-
munolabeling against the surface antigen Tra-1-60, one
of the markers of pluripotent cells [16], on the 21 day
after transfection with the reprogramming factors, and
then we manually selected Tra-1-60- positive colonies.

We preferred the Tra-1-60 staining bearing two facts in
mind: that reprogramming is a multistage process, and
that this marker emerges at the later stages of acquir-
ing pluripotency. The colonies were transferred onto a
cultural plastic coated with a feeder layer of mitotically
inactivated MEFs. The cells were subsequently passed
onto the Matrigel-coated plastic.

Verification of the undifferentiated

state of the generated iPS cells

AP, a marker of pluripotent and stem cells, is expressed
in intact DP cells and indicates the induction capacity
of DP. However, a number of proteins typical of intact
DP cells, including AP, become virtually undetectable
with time, and DP cells lose their induction potential
[17]. Researchers consider the loss of own parameters
and acquisition of interfollicular fibroblast signs a result
of the absence of the microenvironment that is native
to a natural DP cell culture. We detected AP expres-
sion in the isolated clones of the reprogrammed cells
at the sixth passage (three passages before transfec-
tion with the Oct4, Sox2, Kif4, and c-Myc and three
passages after transfection) (Fig. 1E), while only sin-
gle cells of the initial DP culture expressed AP at the
same passage (Fig. 1D). AP expression mainly attests
to the reprogramming process taking place in cells but
not always shows the totally reprogrammed state. We
noticed the formation of colonies positive towards this
marker, which did not become genuine iPS cells. They
either could fail to totally reprogram or were rapidly
undifferentiated after becoming pluripotent (and we
did not manage to register this moment).

The isolated colonies were AP positive during con-
tinuous cultivation, as well. With the use of immucyto-
chemical staining, we found that the examined clones
of reprogrammed cells expressed the pluripotency
transcription factors Oct4, Sox2, and Nanog (Fig. 1
F—K), along with the surface antigens SSEA-3, SSEA-
4, Tra-1-60, and Tra-1-81 (Fig. 1 L—0O). We selected one
iDP cell clone positive towards all the listed markers,
for further study.

However, the results of immunocytochemical stain-
ing do not show the quantitative parameters of the
generated iDP. Therefore, we used flow cytometry to
determine the iPS cell percentage in a culture express-
ing the above-mentioned surface pluripotency markers
(Fig. 2A). Virtually all iDP cells (99.28%) were SSEA4-
positive; 78.36% of iDP cells expressed Tra-1-60; 67.39%
expressed Tra-1-81, and more than half of the iDP cell
population (53.94%) were SSEA3-positive. The data
show that not all cells of the clone express the pluripo-
tency antigens SSEA3, SSEA4, Tra-1-60, and Tra-1-81;
however, the share of these cells is considerable (53—
99%). The selected iDP cells express SSEA3, SSEA4,
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Fig. 2. Ratio of untreated (DP) to reprogrammed (iDP) cells expressing pluripotency markers, Tra-1-60, Tra-1-81,
SSEA3, and SSEA4, according to flow cytofluorometry (A). Normal diploid karyotype (46,XX) of iDP cells. Chromo-
somes are stained with DAPI (green) and 7-AAD (red) (B). Telomerase reactivation in iDP cells (C). Telomerase is active
in the samples, with additional bands corresponding to telomeric repeats (iDP, ESCs). Control: ES and iDP cells heated
before telomerase inactivation (iDP) (inact). Telomerase of the initial iDP cell culture is inactive. Reverse transcription-
PCR (RT-PCR) analysis of iDP cells (D). Expression levels of Oct4, Sox2, Nanog, Tert, KIf4, Lin28, Dppa4, Dnmt3 in DP,

iDP, and ES cells (E), according to real-time PCR

Tra-1-60, and Tra-1-81, which remain virtually un-
detected in the initial DP cells. The maternal cells do
not express these pluripotency markers, and the gener-
ated iDP cells are positive towards them; therefore, it is
clear that these cells undergo reprogramming.

The average doubling time of the iDP cell popula-
tion determined using the least square method was 25
h. Hence, the growth kinetics of the generated iDP was
similar to that of ES cell clones (the average doubling
time of the ESC population was 25 h).iDP cells of the fifth
passage had normal 46,XX diploid karyotype (Fig. 2B).

Telomerase reactivation is another criterion of cell
reprogramming to pluripotency. It is common knowl-
edge that telomerase is inactive in somatic cells, while
activated in the course of reprogramming. Telomer-
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ase acts as the reverse transcriptase elongating telom-
eric fragments of cell DNA. The TRAP-PCR analysis
showed that telomerase of the generated iDP cells is
active (Fig. 2C), which is not surprising considering the
high proliferative potential of the cells under examina-
tion. This enzyme is inactive in the initial DP culture;
therefore, iDP cell telomerase was reactivated during
cell reprogramming. Telomerase activity in the gener-
ated iDP cells was similar to that in ESCs.

Using RT-PCR, we detected transcripts of the genes
(Nanog, Oct4, Sox2, Tdgf1, Gabrb3, Esgl, Rex1, Fgf4,
Dppa4, and Gdf3) in iPSC cultures, which are active
during the early development and serve as PSC mark-
ers (Fig. 2D). Transcripts of these genes could not be
detected in the initial DP culture; therefore, the emer-
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gence of positive signals in iDP cells indicates their ac-
tivation in the course of reprogramming. Most likely,
Oct4, Sox2, and Nanog activate other genes of early
development. Our results confirm the key role of the
above-mentioned factors in reprogramming.

We used real-time PCR to detect specific details of
the culture (Fig. 2E) and succeeded in detecting some
details in the examined cultures. However, the expres-
sion levels of virtually all the examined genes were
similar in iDP and ES cells, while distinct from the ex-
pression profile in non-reprogrammed cells.

Therefore, the generated reprogrammed cells
meet the criteria of undifferentiated state according
to the analyzed parameters. Their further charac-
terization required determining their differentiation
potential.

Determination of iDP cell differentiation potential
We used iDP cells to generate embryoid bodies, which
are similar to the early stages of embryogenesis in a
laboratory environment (Fig. 34). EB are self-organ-
izing round aggregates with an internal cavity. We de-
tected ectodermal (nestin), mesodermal (desmin), and
entodermal (alphafetoprotein, AFP) proteins both in
the iDP- and ESC-generated EBs (Figs. 3B—D).

Fig.3. iDP cells differentiation in
vitro. Formation and characteriza-
tion of embryoid bodies (EBs) in
iDP cell cultures (A-D), and in the
control, human ES cells (E-H).
Morphology of EBs in iDP (A) and
ES (E) cell cultures. Expression of
markers of three germinal layers,
nestin (Nes), desmin (Des), and
alpha-fetoprotein (AFP), EBs dif-
ferentiation in iDP- (B—D) and hES-
derived cells (F-H) EBs. Directed
differentiation of iDP cells (I-T).
Expression of osteogenic differen-
tiation markers: osteonectin (ON,
1) and osteopontin (OP, J). Expres-
sion of hepatocyte differentiation
markers: Foxa2 (K), Hnf4a (L),
cytokeratin18 (CK18, M), alpha-
fetoprotein (AFP, N), and albumin
(ALB, O). Expression of neuronal
differentiation markers Prox1 (P),
nestin (Nes, Q) doublecortin (DC,
R), neuron-specific enolase (NSE,
S), and B-lll- tubulin (Tub3b, T).
Scale bars = 200 pm

PSCs can be used to examine early development
processes and directed differentiation of cells into
a particular tissue due to their ability to differenti-
ate under laboratory conditions. We determined the
conditions for iPS cell differentiation into the ecto-
(neuronal differentiation), meso- (osteogenic differ-
entiation), and entodermal (hepatic differentiation)
directions.

Osteogenic differentiation

Two or three weeks after induction of osteogenic dif-
ferentiation of iDP cells, we detected extracellular ma-
trix proteins, osteopontin (Fig. 3J) and osteonectin (Fig.
3I), which are regarded as osteoblast markers and par-
ticipate in bone mineralization.

Hepatic differentiation

Hepatic differentiation was performed during 3—5
weeks; the onset of the expression of nuclear tran-
scription factors, Foxa2 (a marker of the definitive en-
toderm) and Hnf4a (a marker of extraembryonic en-
toderm) in iDP cells, was observed within this period.
Cells positive for these factors were located by groups,
approximately 50—100 cells each (Fig. 3K, L). Expres-
sion of two proteins emerged: alphafetoprotein (AFP)
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that points to hepatoblast committing of the cells and
epithelial marker cytokeratine 18 (CK18), indicating
a higher differentiated state of the cells (Fig. 3M,N).
After the differentiation, albumin expression, typical of
mature hepatocytes, begins in the cells (Fig. 30).

Neuronal differentiation

Neuronal differentiation was performed during 3—5
weeks. Immunocytochemical staining showed that neu-
ronal differentiated iPD cells expressed Prox1 (Fig. 3P),
which may play the pivotal role in CNS development,
participating in the regulation of the expression and
development of post-mitotic undifferentiated neuron
precursors. Neuronal iDP cells were positive for nes-
tin, a marker of neural stem cells, (NSC) (Fig. 3@) and
doublecortin (DC), a marker of immature neurons (Fig.
3R); they also formed plexus of cells with long process-
es positive towards BIII tubulin, a marker of mature
neurons (Fig. 3T), and were positively stained towards
neuron-specific enolase (NSE) (Fig. 3S).
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Fig. 4. Formation of ter-
atoma from iDP cells. The
recipient mouse (A) with
teratoma (arrow) and the
resected teratoma (B) six
weeks after subcutane-
ous injection of iDP cells.
Histological sections of
hematoxylin and eosin-
stained teratomas (C—F):
neuroglia (neuroepithelial
tubules and rosettes, ar-
rows) (C); glandular epi-
thelium (D), mesenchyme
(adipose cells, arrows in
D; fibers of loose connec-
tive tissue and vessels,
arrows in F) (E, F); stained
with antibodies against:
vimentin (G), nestin (H) ,
pan CK (I) CK8 (J), CK18
(K) and AFP (L)

In vivo differentiation of iPSCs

The ability of cells to form teratoma in thymus-free
mice is one of the reliable tests that confirm their
pluripotency. Teratoma is a tumor consisting of sev-
eral types of tissues, usually derivatives of three ger-
minal layers, not typical of organs or anatomical areas
where the tumor develops. Data on the efficiency of
teratoma formation with respect to a site of undiffer-
entiated PSCs injection are rather ambiguous. Thus,
Prokhorova et al. [18] reported the site-specificity of
teratomas formed from the same cells, while other au-
thors found no difference between the efficiency of the
teratoma test at injection of PSCs into different areas
of the recipient’s body [19]. We chose the least laborious
technique of iDP cell subcutaneous injection into the
back and posterior limb of a mouse. Within 3—6 weeks
after the injection of undifferentiated iDP cells, a ter-
atoma started to form at the injection site (Fig. 4 A,B).
Histologically, this was immature teratoma, containing
structures of ecto-, meso-, and entoderm origin. The
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mesenchymal tissues observed in histological speci-
mens had abundant capillaries, with expanded lumens
in some of them, and fibers of loose connective tissue
between them (Fig. 4F). Moreover, it contained large
cells with foam cytoplasm, a potential indicator of adi-
pose tissue forming in the teratoma (Fig. 4E). Vast areas
of glandular epithelium (Fig. 4D), along with fragments
of immature nerve tissue, consisting of small hyper-
chromatic cells with a narrow cytoplasm rim could
be observed in the specimen. Structures resembling
primitive neuroectodermal rosettes and tubules were
found, as well (Fig. 4C). The authenticity of teratoma
generation from iDP cells was confirmed by immu-
nohistochemical analysis. Vimentin-rich sites located
within inter-canal tissues were detected in the speci-
mens (Fig. 4G). Nestin was found in structures resem-
bling neuroectodermal rosettes and tubules (Fig. 4H).
We observed a large number of glandular structures
in which pan-cytokeratin, cytokeratins 8 and 18, along
with alphafetoprotein, were expressed (Figs. 4 I=L).
The reprogramming efficiency reported in [6] was
~0.02% vs. ~0.03% in our study. Most probably, this dif-
ference is insignificant and is related to the different

techniques used in different laboratories. However, the
result of our study might point to the positive effect of
culturing conditions (low oxygen content and valproic
acid supplementation) on the efficiency of reprogram-
ming; this is quite possible, because Higgins et al. [6] did
not mention the use of these components in their ex-
periments. Thus, the results of these two studies are
comparable and complement each other.

Considering the neural crest origin of the used DP
cells, further study of the generated iDP cell line, in-
cluding its epigenetic parameters and tendencies to-
wards spontaneous in vitro neuronal differentiation,
comparatively with iPS cell lines originated from other
sources is of interest. ®

This research was supported by the Ministry of
Education and Science of the Russian Federation:
Government Contract N 8796 dated October 4, 2012
(SPECIALISTS 1.2.2), Government Contract N
16.740.11.0637 dated July 2, 2011 (SPECIALISTS
1.3.1), and Government Contract N 14.512.11.0040
dated April 3, 2013 (Technologies and Developments).

REFERENCES

1. Oliver R.F. // J. Embryol. Exp. Morphol. 1967. V. 18. No 1.
P 43-51.

2. Ohuama M., Kobayashi T., Sasaki T., Shimizu A., Amagai
M. // J. Cell Sci. 2012. V. 125. Ne Pt17. P. 4114—4125.

3. Shutova M.V, A.N. Bogomazova, M.A. Lagarkova, S.L.
Kiselev // ActaNaturae. 2009. V. 1. Ne 2. P. 104—106.

4. Takahashi K., Yamanaka S. // Cell. 2006. V. 126. Ne 4.

P. 663—676.

5. Liskovykh M. A, Chuykin I. A., Ranjan A., Safina D. A,
Tolkunova E. N.,, Minina Yu. M., Zhdanova N. S., Dyban P.
A., Mullins J., Kostyleva E. I. et al. // Tsitologiya. 2011. V. 53.
No 12. P. 927-934.

6. Higgins C., Ito M., Inoue K., Richardson G., Jahoda K.,
Cristiano A. // Exp. Dermatol. 2010. V. 19. Ne 6. P. 568.

7.Higgins C., Ito M., Inoue K., Richardson G., Jahoda K., Cris-
tiano A. // J. Invest. Dermatol. 2012. V. 136. Ne 6. P. 1725—1727.

8. Medvedev S.P, Grigor’eva EV., Shevchenko A.IL, Malak-
hova A.A. Dementyeva EV,, Shilov A.A. Pokushalov E.A.,
Zaidman A.M., Aleksandrova M.A., Plotnikov EY. et. al. //
Stem Cells Dev. 2011. V. 20. Ne 6. P. 1099—-1112.

9. Warren L., Manos P.D., Ahfeldt T\, Loh Y.H., Li H., Lau F,,
Ebina W.,, Mandal P.K., Smith Z.D., Meissner A. et al. // Cell
Stem Cell. 2010. V. 7. Ne 5. P. 618—630.

10. Chermnykh E. S., Radyukhina N. V., Rutkevich P. N.,
Shevelyov A. Y, Vlasik T. N., Vorotelyak E. A., Vasiliev A. V.,

Terskikh V. V. // Tsitologiya. V. 52. Ne 3. P. 219—224.

11. Ohnuki M., Takahashi K., Yamanaka S. Generation and
Characterization of Human Indused Pluripotent Stem
Cells. Curr. Protoc. Stem Cell Biol. 2009. Chapter 4:Unit
4A.2.doi: 10.1002/9780470151808.sc04a02s9.

12.Li R, Liang J,, Ni S., Zhou T, Qing X., Li H., He W., Chen
J., Li F,, Zhuang Q., et. al. // Cell Stem Cell. 2010. 7 Ne 1.

P. 51-63.

13. Kim D., Kim C.H., Moon J.I., Chung Y.G., Chang M.Y.,, Han
B.S., Ko S, Yang E., Cha K.Y, Lanza R. et. al. // Cell Stem
Cell. 2009. V. 4. Ne 6. P. 472—476.

14. Marchetto M.C., Yeo G.W,, Kainohana O., Marsala M.,
Gage F.H., Muotri A.R. // PLoS One. 2009. V. 4. Ne 9. e7076.

15. Gnedeva K.Y. // Candidate Thesis, M., 2012.

16. Yehezkel S., Rebibo-Sabbah A., Segev Y., Tzukerman M.,
Shaked R., Huber I, Gepstein L., Skorecki K., Selig S. //
Epigenetics. 2011. V. 6. Ne 1. P. 63—75.

17. Rendl M., Polak L., Fuchs E. // Genes Develop.2008. V. 22.
Ne 4. P. 543—-557.

18. Prokhorova, T.A., L.M. Harkness, U. Frandsen, N. Ditzel,
H.D. Schroder, J.S. Burns, M. Kassem. // Stem Cells Dev.
2009. V. 18. No 1. P. 47—54.

19. Zhang WY, de Almeida P.E., Wu J.C. // 2012. Teratoma
formation: A tool for monitoring pluripotency in stem cell
research. StemBook [Internet], doi/10.3824/stembook.1.53.1.
http://www.stembook.org.

VOL.6 Ne1(20) 2014 | ACTA NATURAE|53



