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Almost quarter of a century long studies aimed at identification, isolation, culturing, and use
of postnatal pluripotent cells for the development of cell-based technologies have not met with
success and failed to provide reliable and reproducible protocols of cell isolation, identifica-
tion, and culturing. At the same time, experimental data in this field suggest that postnatal
pluripotent cells are not the copies of embryonic cells and, therefore, the tests routinely used
for identification of embryonic pluripotent cells are not fully adequate for characterization of
their postnatal analogues. Therefore, cell lineage tracing methods showing the differentiation
routes of the studied cells in human or animal body after birth should be developed and used.
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The question of whether postnatal mammalian tis-
sues contain pluripotent cells, i.e. stem cells with the
maximum potential for differentiation capable of dif-
ferentiating into any type of somatic cells and into
germinative cells, arose immediately after isolation
of pluripotent cells from mouse [13] and human [51]
embryos and still remains relevant. Several interre-
lated fundamental and practical aspects are still dis-
cussed, such as the concept of pluripotency, natural
and artificially created pluripotency, markers of plu-
ripotency, transdifferentiation, mechanisms of tissue
regeneration, and the fundamental bases of cell and
gene technologies. It should be born in mind that the
development of technology for obtaining pluripotent
cell cultures from postnatal tissues would be a break-
through in cell technologies and regenerative medi-
cine, because it would solve the problem of obtaining
safe autologous cell material for cell therapy, tissue
engineering, personalized testing of the effectiveness
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and toxicity of drugs, and other medical applications.
Postnatal pluripotent cells could successfully compete
with potentially unsafe induced pluripotent cells as an
object of basic and applied research.

We present a critical review of the most interest-
ing studies in the field of identification of pluripotent
cells and cells that presumably are pluripotent in pre-
and postnatal mammalian tissues.

Pluripotent cells in ontogeny. As is known, sev-
eral homoblastic divisions of the egg (i.e. not changing
the total mass of the embryo) at the very beginning
of embryogenesis result in the formation of a morula
consisting exclusively of pluripotent cells [46]. Then,
a fluid-filled cavity appears in the center of the morula
and a blastocyst is formed. At the blastocyst stage,
physical segregation of pluripotent cells from the re-
mainder cells occurs, they form a compact clump of
cells in the blastocyst cavity, so-called inner cell mass.
Then, the inner cell mass gives rise to the epiblast
cells that retain pluripotency and the hypoblast that
differentiates into the yolk sac and eventually into
the chorion. In the embryos of triploblastic animals,
including mammals, pluripotent epiblast cells during
gastrulation differentiate to form three germ layers,
the ectoderm, mesoderm, and endoderm. According to
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classical concepts, the cells of each of the germ layer
can differentiate only in destined directions character-
istic of this germ layer. After gastrulation, the cells of
the embryo are subdivided into ectoderm-derived cells,
mesoderm-derived cells, and endoderm-derived cells.
The question whether all embryonic cells lose pluripo-
tency at the gastrula stage remains open. During fur-
ther embryo development, combinations of bioactive
substances produced by embryonic and maternal cells
trigger intracellular signaling cascades, first of all,
Wnt and Nodal signaling pathways, leading to further
restriction of the differentiation potential of individual
cells and formation of specialized cell types each of
which belongs to derivatives of one germ layer [4].
During the formation of tissues and organs, most
of the cells are differentiated and assembled into spe-
cific histological and anatomical structures. Only a
relatively small fraction of cells, stem cells (SC),
avoids differentiation into working cells. These so-
called postnatal SC can undergo asymmetrical division
yielding two different daughter cells: one undergoes
differentiation, and the other remains identical to the
maternal SC. Most of the time, SC are in a resting state
in a special tissue compartments, stem cell niches. The
concept of stem cell niche was formulated in the 1970s
[41]. Under the influence of signals from surrounding
cells in the niche, extracellular matrix, blood and tissue
fluid, and interstitial nerve elements, SC can undergo
activation, enter mitosis, and differentiate [15,25,53].
SC can have different differentiation potencies and be
monopotent, i.e. capable of differentiating into cells
of a single type (e.g. SC of the stratified squamous
epithelium of the skin) and pluripotent, i.e. capable
of differentiating into different cell types, derivatives
of one germ layer (e.g. bone marrow hemopoietic SC,
mesoderm derivatives, give rise to all blood cells).
The presence of pluripotent cells capable of triploblast
differentiation (i.e. differentiation into cells of all three
germ layers) in adult tissues is not strictly proven, but
is actively discussed and is the topic of this review.
In vivo studying of differentiation potency is very
difficult even for mouse cells; when studying the po-
tency of human cells, these difficulties multiply many
times. Fortunately, the pluripotent inner mass cells
isolated from the blastocyst cavity can be maintained
and studied in vitro. These in vitro maintained pluripo-
tent cells were called embryonic stem cells (ESC). At
the end of the last century, stable lines of mouse ESC
[13] and, after almost two decades, of human ESC [51]
were obtained. Later, cell lines similar to ESC were
obtained from cells of mouse embryos taken at an
even earlier (morula) stage [50]. A necessary condition
for pluripotency maintenance is the expression of a
number of transcription factors by ESC, the most im-
portant of these are the so-called master regulators of
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stem cell pluripotency Oct4, Sox2, and Nanog [18,56].
The latter combine a network of regulatory pathways,
including a large number of transcription factors and
epigenetic regulators [8,12,40].

In vitro and in vivo studies of mouse embryonic
pluripotent cells have demonstrated that these cells in
early ontogeny do not remain unchanged, but evolve
without losing pluripotency [29]. In mouse embryos,
pluripotent cells are present as a compact formation
(morula, inner cell mass, or epiblast) up to day 8 of
embryonic development (ES8). Pluripotent cells of the
epiblast in preimplantation and postimplantation em-
bryos differ by the expression profiles, morphology,
and behavior in culture and after transplantation to
adult animals; they were named naive and primed plu-
ripotent cells, respectively [30]. Morula cells differ from
cells of the inner mass and epiblast even by the potency,
because they can differentiate not only into any cells
of the embryo, but also into cells of extraembryonic
membranes. Providing that pluripotent cells are present
in the postnatal mouse tissues, they should significantly
differ from embryonic ones. Human embryonic and
postnatal pluripotent cells should also differ, because
human pluripotent cells, similar to mouse cells, undergo
changes during embryogenesis [29].

Markers and criteria of pluripotency. Changes
in pluripotent cells occurring during individual devel-
opment of the body make their identification in tissues
challenging. This problem has become particularly
important in the context of new data on the possibility
of direct transdifferentiation of cells without entering
the pluripotency stage [16,44,54]. The pluripotent cell
by definition is a SC that can differentiate into any so-
matic or germinal cell. However, direct application of
this criterion of pluripotency in the analysis of tissues
for the presence of pluripotent cells is practically im-
possible. Therefore, the tissue is first examined for the
presence of cells expressing embryonic antigens, such
as Oct4, Sox2, and Nanog, by immunohistochemical
and flow cytometry techniques. In case of detection,
these cells are isolated and their expression profiles,
DNA methylation profiles, and other characteristics
are analyzed. Culturing of these cells is used to char-
acterize the differentiation potential; actually, the pro-
pensity to differentiate not into all approximately 230
known cytophenotypes, but only into selected cell
types representing different germ layers is analyzed.
If the isolated and cultured cells differentiate into ecto-
derm, mesoderm, and endoderm derivatives, then they
are presumably pluripotent. Their similarity to ESC
and other known pluripotent cells by morphological
characteristics, expression of membrane and intracel-
lular markers, culturing conditions, and other param-
eters is not critical, though makes these cells even
more likely candidates for postnatal pluripotent SC.
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However, many researchers believe that these fea-
tures cannot serve as sufficient basis for recognizing
cells as pluripotent and the possibility of generation of
all diversity of cells in the body under in vivo condi-
tions should be proven. This proof can be obtained
by using cell replacement test in a tetraploid embryo
[48]. In brief, at the initial stage of fertilized egg di-
vision, namely, at the stage of two blastomeres, cell
fusion is induced by electrical pulse and a tetraploid
cell is formed; further divisions lead to the formation
of an embryo and extraembryonic tissues consisting of
tetraploid cells. Diploid pluripotent cells being intro-
duced into the blastocyst replace the tetraploid cells,
and a normal diploid organism can develop, while
the extraembryonic tissues are tetraploid. This was
convincingly demonstrated by the example of comple-
mentation of the tetraploid inner cell mass of a mouse
blastocyst with induced pluripotent cells [21].

A similar, but somewhat less complex test for plu-
ripotency is complementation of a diploid embryo [9]
that served as the basis of the above tetraploid embryo
complementation test. Candidate cells that differ from
cells of the developing embryo by a natural phenotypi-
cally manifested mutation (e.g. determining the color
of the hair), or by an artificially introduced change in
the genome (e.g. carrying GFP transgene) are trans-
planted into a normal diploid blastocyst. The appear-
ance of a mottled mouse or a mouse that contains cells
responding to laser irradiation with a wavelength of
395 nm by green fluorescence with a peak at 498 nm
indicates generation of chimeric animals and hence,
the studied cells are pluripotent.

Postnatal cells demonstrating signs of pluri-
potency. Over the past two decades, detection of plu-
ripotent cells in postnatal tissues was reported not
once [5,14]. Of great interest are studies describing the
following presumably pluripotent cells: multipotent
adult progenitor cells (MAPC), “spore-like” cells, very
small embryonic-like stem cells (VSEL), pluripotent
non-tumorigenic multilineage differentiating stress en-
during cells (Muse cells) and others. The reports about
discovery of one more type of postnatal pluripotent
cells always aroused great enthusiasm, but the results
were often unreproducible; and now, this field of cell
biology is still full of contradictions. The situation can
be illustrated by the history of studying MAPC, spore-
like cells, and VSEL.

In 2001 and 2002, the Catherine Verfaillie team
from the University of Minnesota reported detection
of postnatal pluripotent cells in mouse bone marrow
[19,39], as well as in mouse muscles and brain [20].
These cells had a CD-phenotype similar in many re-
spects to mesenchymal stem cells (MSC), represented
a minor subpopulation in bone marrow mononuclear
suspension (no more than 1 per 10° cells), and were
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present as an impurity in the MSC culture during
early passages. They could be separated from MSC
by negative selection of CD45%/glycophorin® cyto-
phenotype cells. They were named MAPC. MAPC
were also found in many other mouse tissues and in
the above mentioned and other rat and human tissues
[22]. These cells demonstrated signs of pluripotency
and functional similarity to ESC, because they were
capable of triploblastic differentiation in culture; after
injection into the blastocyst cavity, these cells partici-
pated in the development of a chimeric organism. The
similarity, however, was incomplete, because these
cells did not form teratomas after transplantation. The
first publications of the group about the discovery of
MAPC caused a great resonance not only among spe-
cialists, but also in the media, because SC and the
future achievements of regenerative medicine were
very popular topics at the beginning of this century,
and MAPC were considered by some researchers as
an alternative to ESC, which were then high hopes.
Unfortunately, some of the original results of Cathe-
rine Verfaillie’s group were not reproduced by other
scientific groups, in particular, the results on the par-
ticipation of MAPC transplanted into the blastocyst
in the formation of a chimeric embryo. In addition,
a thorough analysis of publications showed that at
least one of the co-authors of reports published in
2001-2002, M. Reyes, falsified some of the results.
A reputation scandal broke out. C. Verfaillie, who led
the group, left the United States and moved to her
native Belgium, changed her research profile, but still
defends her previous results to this day. Working in
Belgium, she published an article on the effects of
MAPC on CD8" cytotoxic lymphocytes [35]. Studies
of MAPC continue in some other laboratories in dif-
ferent countries [22].

In parallel with MAPC, another type of presum-
ably pluripotent cells was discovered in postnatal tis-
sues by the Charles Vacanti group from the University
of Massachusetts [52]. They were described as small,
rounded, spore-like cells with a diameter <5 p contain-
ing a large nucleus, a small amount of the cytoplasm,
and few mitochondria. These “spore-like” cells in an
inactive (dormant) state and in very small amounts
were present in many tissues and were exceptionally
resistant to oxygen and nutrient deficit and remained
viable in the brain and spinal cord of laboratory ani-
mals for several days after death. In a living organism,
these dormant cells could be activated in response to
injury or disease and replenish the cellular composi-
tion of tissues. In a few years, extremely high resis-
tance of these cells was confirmed; it was shown that
spore-like cells withstand freezing to -86°C without a
cryoprotectant and heating to 85°C for 30 min [10].
Later, Haruko Obokata joined Vacanti’s laboratory and
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took an active part in working with spore-like cells.
She showed that they can differentiate into cells of
three germ layers [32]. High resistance of “spore-like”
cells to adverse factors and their ability to differentiate
in different directions led H. Obokata and co-workers
to an assumption that these properties can be related.

After moving to Japan and working at the Riken
Institute, H. Obokata continued her research, which
also involved the staff of the C. Vacanti laboratory.
At the very beginning of 2014, two papers were pub-
lished in Nature journal [33,34] that presented a new,
very simple and effective method for isolation of plu-
ripotent cells from newborn mouse cells. A suspen-
sion of splenic of liver cells was exposed to low pH
or high pressure; most of the cells died under these
conditions, but some cell survived and formed ag-
gregates. A significant portion of survived cells ac-
quired pluripotency. They were capable of triploblastic
differentiation in vitro and provided chimerization of
not only the embryo, but also extraembryonic tissues
after injection into the blastocyst. The authors called
this phenomenon as stimulus-triggered acquisition of
pluripotency (STAP). The co-author of these publica-
tions, C. Vacanti, believed that the detected pluripotent
cells were “spore-like” cells undergoing stress rather
than the result of pluripotency induction. As in case
of MAPC, other groups [3,11,49] and even some co-
authors [31] failed to reproduce the results reported
by H. Obokata; they observed very rare cells express-
ing embryonic markers, but unable to chimerize the
embryo or extraembryonic organs upon injection into
the blastocyst. Earlier, almost immediately after pub-
lication in Nature, an inspection was carried out at
the Riken Institute and a suspicion that some of the
results were fabricated turned into confidence. All this
led to quick retraction of Obokata’s article published
in 2011 and two articles in Nature journal published
in 2014, suicide of Yashiki Sasai, supervisor of H.
Obokata, revoke of doctoral degree, and resignation
from the University; C. Vacanti also retired from all
his positions after the scandal. However, H. Obokata
continues to insist that the results are generally reli-
able, though somewhat embellished, and C. Vacanti
is convinced of the importance of further studying of
“spore-like” cells.

The most consistent results of research in the field
of postnatal pluripotent cells were obtained in studies
initiated by the Janina Ratajczak group at the Uni-
versity of Louisville; most of these results were later
confirmed. In the first article of the group on this sub-
ject published in 2006, they described small rounded
cells that were detected by flow cytometry in organs
of adult mice; the cells had a diameter of 2-4 p, CD
phenotype of LIN/S-17/CD45~, high volume ratio of
nucleus to cytoplasm, predominance of euchromatin
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in the nucleus, and low number of mitochondria [26].
These cells, VSEL, expressed pluripotency markers
Oct-4, SSEA-1, Nanog, and Rex-1 (although not as
actively as ESC), almost all cells were in the GO phase
of the cell cycle, and differentiated into cells derived
from all three germ layers. Cells with similar proper-
ties were later found in human tissues, including cord
blood [17,28]. The Ratajczak group optimized the con-
ditions for the expansion of VSEL cells in vitro [37].
It turned out, in particular, that addition of valproic
acid and nicotinamide promoted expansion. Genome-
wide expression analysis of VSEL cells showed that
their inactive state can be associated with maternal
imprinting at locus H19 [27]. VSEL cells were found
to be more resistant to whole-body irradiation than
hematopoietic cells [38].

The data of the Ratajczak group were confirmed
in independent studies of at least two groups [42,47],
but one group failed to reproduce the protocol of flow
cytometry [1]. J. Ratajczak and D. Bhartya, Indian
researcher who succeeded in isolating VSEL cells,
revised and improved the protocol, but the parties did
not come to a full agreement. Studies of VSEL cells
and the development of the concept of the tissue niche
for pluripotent SC were continued by Ratajczak [2]
and Bhartya [6,7] groups.

It is clear that VSEL cells are very similar to
“spore-like” and STAP cells, as well as to small cells
with unknown function detected in the bone marrow
at the end of the last century [36,43] and considered
a subpopulation or contamination of the population of
hematopoietic cells. The resistance of VSEL cells to
radiation also attests to their similarity to “spore-like”
and STAP cells [38].

The revealed contradictions in the results of dif-
ferent research groups can be explained by small size
of VSEL cells and “spore-like” cells, due to which
they can simply be lost during standard isolation of
cells from tissues. As was shown by the D. Bhartiya
group [6,7], they can be lost during centrifugation at
250g commonly used for cell washing. To prevent loss
of small cells, they should be sedimented at higher
speeds (1000g). In the original works cited above,
data have been obtained indicating that MAPC, STAP
cells, and VSEL cells have specific needs in medium
composition in comparison with other cells. These two
considerations explain many failures in isolating and
culturing postnatal pluripotent cells.

The history of the search for postnatal pluripotent
cells is instructive in that it seems to have been con-
ducted in the wrong direction and using suboptimal
tests. Indeed, cells similar to embryonic ones were
searched in adult tissues. At the same time, the condi-
tions of the adult organism differ radically from cell
microenvironment in the blastocyst, where the cells of
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the inner mass and epiblast have few neighbors and did
not contact with the extracellular matrix and elements
of the peripheral nervous system; hormonal and para-
crine signals radically differ from those received in the
adult tissue. The conditions in blastocyst are similar to
those in 2D adhesion culture of pluripotent cells, while
in adult tissues, the cell exists in three dimensions.

In this regard, a question arises on adequacy of
the tests used. It is unclear, for example, whether the
test for complementation of a diploid or tetraploid em-
bryo by the studied adult cells is an adequate test for
pluripotency of these cells, because cells taken from
adult tissue can simply not find suitable conditions for
the manifestation of pluripotency in the blastocyst.
The test for triploblastic differentiation under condi-
tions of an adult organism is required. The problem
of cell loss during isolation and cultivation is also
worthy of note.

It should be admitted that the search for postnatal
pluripotent cells, despite the accompanying scandals,
led to a considerable progress in understanding of the
nature of pluripotency. It became clear that the search
for the cells that are copies of ESC in a healthy adult
body is unpromising. After all, these cells in case they
are present in the body, would initiate the formation of
teratomas. Indeed, ESC, being a part of an early em-
bryo, receive very few regulatory signals and develop
largely independently; upon transplantation into an
adult body, they continue their intrinsic development
program and eventually form teratomas. Being inject-
ed into the blastocyst in the preimplantation embryo
complement test, these cells develop normally and
participate in chimerization of the embryo. Instead,
these tests, cell lineage tracing methods showing the
differentiation routes of the studied cells in human or
animal body after birth should be used. Based on the
data presented in the review, a population of small dor-
mant cells really exists and can be activated, prolifer-
ate, and differentiate in the appropriate direction under
the influence of specific stimuli. However, reliable
isolation of these cells for study and use in cell tech-
nologies requires more methodological work, while
convincing evidence of their pluripotency has not yet
been provided.

Taking a broader approach, we can consider this is
part of a more general problem of reversibility of dif-
ferentiation and reversibility of inactivation of a part
of the cell genome occurring in ontogeny. The dogma
of irreversibility of genome differentiation/inactiva-
tion, though questioned, has existed in cell biology for
a very long time and was refuted relatively recently,
after appearance of the technique of preparing plu-
ripotent cells from somatic cells by transferring the
nucleus from a somatic cell to an unfertilized haploid
egg or by transfecting somatic cells with genes encod-
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ing embryonic pluripotency master factors [45]. After
transplantation into the blastocyst, these pluripotent
cells differentiate into all types of somatic cells, germi-
nal cells, and cells of extraembryonic organs [45,55].
In parallel, methods of direct cell transdifferentiation
bypassing the pluripotency stage were developed [16].
However, all these methods are artificial and leave
unanswered the question of whether deep dedifferen-
tiation or direct transdifferentiation occurs routinely
in vivo. Now, there are more and more reasons to an-
swer this question positively. For example, the cell
composition of the liver during homeostatic and re-
parative regeneration, depending on the situation, is
replenished from different sources such as temporarily
dedifferentiating hepatocytes, local epithelial SC, local
MSC, and circulating bone marrow cells similar to
hematopoietic SC and MSC [23,24].

All presumably pluripotent postnatal cells dis-
cussed in this review were isolated from populations of
hematopoietic SC or MSC, or from cell mixtures con-
taining these cell types. Therefore, comprehensive ana-
lysis of heterogeneous cell mixtures that are now called
hematopoietic SC and MSC is a pressing problem.

In conclusion, the history of the search for post-
natal pluripotent cells has taught the scientific com-
munity a lot and in this sense is important not only for
cell biologists, but also for science in general.

The work was performed within the framework of
the Program for Basic Research of State Academies of
Sciences for 2013-2020.
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