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To analyze the recent studies elucidating the molecular mechanisms of pluripotency induction and
crucial stages of the reprogramming process was the aim of the review. The key focus is on the factors
enabling switch between the reprogramming stages. It is concluded that one of the key barriers for IPSC
applications is the multi-stage nature of somatic cells reprogramming that features both stochastic early
phases and deterministic establishment of pluripotent regulatory network. Despite thousands of
scientific studies, various reprogramming protocols restrict effective research analysis and identification
of molecular reprogramming mechanisms. In order to specify accurate reprogramming algorithms and
develop more effective protocols of patient specific reprogrammed cells cultivation, the future researches

require focus on the phase transition switchers.
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Despite the tremendous potential of
embryonic stem cells (ESCs) application in
medicine, diagnostics and biotechnology
researches, these studies faced numerous
scientific, methodological and ethical
barriers for decades. However, totipotency
(ability to form all the cells in the body
and the whole embryo) and immortality
(unlimited cell divisions) as unique ESC
features allured scientists with highly
promising perspective applications in
transplantology, immunology, gerontology
and pharmacology for experimental
and therapeutic purposes. Within early
embryonic development cells lose the both
characteristics, as in 5—6 days upon zygote
formation the differentiation mechanisms
start functioning in the cells. The
specialization process subsequently provides
for the terminally differentiated cells. There
are few stem cells (SCs) in adult humans
which is too limited to provide for cellular
regeneration in cases of significant traumas
and lesions [1-3]. Nevertheless, studies in
the field of SC generation and use found
numerous constraints included restricted
SC sources and their disadvantages,

immunologic incompatibility of SCs and
recipient’s tissues, ethical considerations, etc.

Over 50 years ago the scientific society
informed about the ECS phenomenon and
overcoming Weisman’s barrier (the term was
coined in the end of 19*" century). It’s worth
mentioning that German researcher August
Weisman theorized that the somatic cell state
can not be changed due to finite inactivation of
“useless” genetic code during differentiation.
In 1962 British biologist John Gurdon became
the first to overcome Weisman’s barrier and
reprogram somatic cell with nuclear transfer
to enucleated ovule. The experiment produced
embryo being genetically identical to the
donor of somatic cell [4, 5]. 1981 Sir Martin
Evans, Matthew Kaufmann and Gail R. Martin
revolutionized the ontogenetic world with
discovery of ESCs derived from mouse embryos
and tremendous characteristics of these cells
[6, 7]. In 1998 research team headed by James
Thompson cultivated embryonic stem cell lines
from human blastocysts [8]. Decades were
taken to research ways of transdifferentiation
(fate conversion of terminally differentiated
cells) via heterokaryons and fusion with other
cell types[9].
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10 years ago a breakthrough reprog-
ramming and SC cultivation approach was
reported in the publication on pluripotency
induction by introducing transcription
factors (TFs). In 2006 Japan scientists
Takahashi and Jamanaka reported successful
generation of induced pluripotent SCs with 4
TFs (transcriptional factors) that nowadays
are referred as Yamanaka factors. As distinct
from totipotent SC, induced pluripotent stem
cells (iPSCs) can give rise to any cell types
excluding extraembryonic cells and feature
with several epigenetic differences being under
active discussion in specialized media for SCs,
molecular biology and genetics. In the famous
publication cited all over the thousands of
articles in pluripotency induction Takahashi
and Jamanaka highlighted the experiment to
test the hypothesized pluripotency induction
with:

i) TFs crucial for the pluripotency
maintenance in ESCs — OCT3/4, SOX2,
NANOG;

ii) genes overexpressed in tumours and
specific for maintenance ESC characteristics
and proliferation — B-catenin, C-MYC,
E-RAS, KLF4, STATS3;

iii) other ESC-specific genes.

Having successfully derived iPSC from
mouse fibroblasts by introducing all 24 candi-
date genes and TFs, the researchers tested
consecutively various TF-combinations. The
experiment resulted in the identification of
baseline TF cocktail required to reprogram
differentiated cells and induce pluripotency.
Yamanaka reprogramming cocktail consisted
of OCT3/4, KLF4, SOX2, C-MYC was reported
in the mentioned publications[10, 11].

Comparing with the cell reprogramming
techniques described above (namely somatic
cell nuclear transfer and somatic cell fusion)
the pluripotency induction opened a flexible
and attractive transdifferentiation paradigm.
The pluripotency induction approach
discovered by Yamanaka and Takahashi
opened a new source of patient specific SCs and
promised wide applications in regenerative and
cell therapy as well as removed methodological
and ethical hurdles from SC usage in
pharmacology, toxicology and ontological
studies. In the field of modern cell technologies
the breakthrough created methodological
background for ongoing initiatives in
somatic cells transdifferentiation. Targeted
transdifferentiation of patient specific somatic
cells is now widely used in pharmacological
studies and regenerative medicine [2, 8-11].
The next decade demonstrated intense
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iPSC researches and numerous successful
experiments of pluripotency induction
with other TF combinations e.g. NANOG
and LIN28 or NRb5a2, SOX1, ESRRB and
GLIS-1[12].

Despite strong research focus on somatic
cell reprogramming and transdifferentiation
processes, molecular and epigenetic
mechanisms of cellular repgrogramming
mediated by Yamanaka TFs or other reprog-
ramming cocktails remained unclear. Poor
understanding of these algorithms hinders
new effective reprogramming techniques to
be developed and restricts biotechnological
potential of iPSCs as well as patient specific SC
cultivation perspectives [13]. Here we provide
a brief review of key epigenetic processes and
phase switchers in reprogramming reported
recently according to the expression data of
reprogrammed cells [9—-13].

Key stages of somatic cells reprogramming
and pluripotency induction

Explicit ontological and epigenetic data
on embryonic development processes the
mammal zygote shows to develop milliards of
highly specialized cells in vivo don’t explain
the somatic cell reprogramming mechanisms
in vitro. TF-induced reprogramming requires
about 2-3 weeks depending on protocol
and methods of TF delivery. The process
suffers from rather low efficiency (~1%)
[14]. However, valuable information on TF
interplay and molecular changes in cells can be
sourced from studies of cellular reprogrammed
intermediates and screening of partially
reprogrammed cells (pre-iPSCs).

Expression analysis and morphological
studies run over reprogramming timeline
demonstrate stochastic and deterministic
stages of pluripotency induction.

The initial stochastic stage also referred as
early or partial reprogramming [9, 15] features
with the following:

e dependence on ectopic (out of place, norm)
expression of reprogramming TF;

e poorly predictable or stochastic nature;

e morphological changes of reprogrammed
cells;

e increased TF-mediated proliferation.

Dependence on ectopic expression supposes
that TF removal on this stage causes the
reprogramming cell state to return to the
initial one. This could be explained with
unstable and reversible nature of TF-induced
epigenetic modifications (e.g. emerging
activating chromatin modifications — H3
lysine 4 methylation due to C-MYC).
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The first reprogramming stage is
widely recognized as stochastic as the stage
durability varies significantly even within one
protocol. For the fact the researchers account
multiple molecular and epigenetic routes
that responsible for somatic identity genes
are inactivated and pluripotency genes are
derepressed [15—17]. These processes result in
morphological alterations (incl. reduced cell
size) and increased proliferation [12, 17].

The next and final deterministic stage of
pluripotency induction is a kind of bottleneck
in reprogramming technique thus showing
relatively low efficiency. Over 90% of
transdifferentiated cells remain partially
reprogrammed and do not acquire functional
pluripotency.

Upon profound investigation of this
problem the researchers developed the elite
model of reprogramming process. According
to the model the deterministic stage is entered
by only few partially reprogrammed somatic
cells that belong to limited SC progenitors.
These cells are competent for pluripotency
induction and endogenous SOX2 expression
[15]. However, recent analytical studies ruled
out the hypothesis and proved the ability to
convert terminally differentiated somatic cells
into iPSCs[9, 16, 18].

In contrast to stochastic stage the
deterministic one possesses the following
characteristics:

e the reprogrammed cells do not depend on
the ectopic TF expression;

e silencing of the ectopic TF expression is
a crucial factor to determine transition of the
reprogrammed cells to this stage;

e the present stage results in formation of
successfully reprogrammed iPSCs expressing
pluripotency markers, showing self-renewal
and being able to create embryos [19].

Each of the reprogramming stages
consists of several phases. At the same
time the scientific publications differ in
referring specific events to certain phases of
pluripotency induction. The phase structure
below covers the epigenetic and molecular
reprogramming mechanisms and grounds on
conceptual views of reprogramming pioneers
and prevalent scientific approaches in Europe,
Asia and USA[9, 18, 20, 21].

Here we are ging to highlight the
sequence of key events specific for the
phases during stochastic and deterministic
reprogramming stages. There are also several
factors specified as phase transition drivers
according to the recent studies and research
materials.

Stochastic dedifferentiation of somatic cell

The TF-induced reprogramming of
somatic cells starts with the morphological
and epigenetic alterations mentioned above.
Initial changes of chromatin state stimulate
reduced cell sizes and partial loss of somatic
markers as well as increases proliferation.
Within the present phase TFs act on accessible
sites of the expressed genes and regions with
absent or unstable histone modifications
responsible for somatic epigenome [22].
Therefore TF activity disrupts transcription
regulatory network of genes encoding
somatic phenotype and initiates chromatin
remodeling.

Chromatin remodeling supposes relocation
or regrouping of nucleosomes in response to:

e ATP-dependent protein complexes;

e histone methylation or acetylation.

Thus TF-induced chromatin remodeling
processes cause gene activation or repression
[18, 23, 24]. Firstly, TFs increase active
genes chromatin density due to interaction
with trimethylated histone H3 lysine 39
and dimethylated histone HS3 lysine 79
(H3K36me3 and H3K79me2, respectively).
Secondly, TFs influence promotors with
trimethylated histone H3 lysine 4 (H3K4me3)
specific for the proliferation genes in
fibroblasts [18].

The genes silenced during cellular
differentiation are reactivated due to
H3K27me3 demethylation with lysine-
specific demethylase 6A (KDMG6A) as well.
Israel geneticists and microbiologists
reported in the research findings that
KDMG6A induced removal of repressive
marks is a key factor that determines
efficiency of early reprogramming in mouse
and human somatic cells [25]. KDM6A
directly interacts with reprogramming TFs
and catalyzes demethylation of repressive
histone modifications H3K27me3 thus
contributing to initial pluripotency
induction. Recent experimental studies
demonstrate that KDMG6A knockout
fibroblast lines failed to induce pluripotency.
Therefore KDM6A ensures demethylation of
repressive chromatin marks and derepresses
pluripotency genes. Among these we can
mention SALL 1 and 4, undifferentiated
embryonic cell transcription factor 1
(UTF1) allowing for cellular independency
on ectopic TF expression during the later
reprogramming phases [26, 27].

Subsequently, initial dedifferentiation of
fibroblasts accumulates activating histone
modifications (also due to KDMG6A activity)
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and removes some repressive marks the
somatic cells acquired during differentiation
in order to ensure somatic epigenome stability.
These non-specific alterations of the fibroblast
eu- and heterochromatin contribute to
induction of some pluripotency genes.

Early stochastic reprogramming phase

During +the initial stochastic
reprogramming of fibroblasts, TF activities
that were described above are accompanied by
the changes in chromatin state and cellular
metabolism; also there’s an increase in the
number of markers that are not inherent to
somatic cells, as well as loss of somatic identity
markers in the transcriptional profile of said
cells.

During this phase of pluripotency
induction, activated are the proliferative
epigenetic patterns which were active on
early stages of ontogenesis and are considered
especially sensitive to TFs. In particular, there
is a further strengthening of the expression
of abovementioned genes responsible for cell
proliferation. Meanwhile, at this phase of
reprogramming the proliferation level is above
the characteristic parameters for somatic cells
[9, 15, 28].

In addition to enhanced proliferation,
during this phase, the influence of
phosphoinositide 3-kinase (PI3K)/protein
kinase Akt signaling pathways activates
the expression of C-MYC and NANOG [16].
These events switch cell’s metabolism from
oxidative phosphorylation to glycolysis [29].
In vivo this ESC metabolism happens due
to adaptation to hypoxic conditions of early
embryonic development. Correspondingly,
the introduction of hypoxia during the
pluripotency induction of somatic cells in vitro
increases the efficiency of reprogramming,
stimulating the activation of the metabolism
typical for ESCs [30]. It is worth noting that
this exact metabolism is inherent to cancer
cells — also under the effect of C-MYC — and
also to SCs of mature organisms.

The defining processes that occur during
the initial reprogramming of fibroblasts
include mesenchymal-to-epithelial transition
(MET). During MET occurs the inactivation
of genes of somatic cells which are responsible
for the mesenchymal phenotype, and the
reprogrammed cells acquire epithelial
phenotype and characteristics that were
inherent to ESCs in vitro but were lost in the
early stages of ontogenesis (Fig. 1).

As you remember, in vivo the epithelial-
to-mesenchymal transition (EMT) happens
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during the embryonic development affected
by zinc-finger TF (SNAIL1, SNAIL2, ZEB1
and 2) as well as transforming growth factor
B (TGFB), and is accompanied by decreased
expression of E-cadherin. MET, as an
event reversed to EMT, is a derepression
of epithelial program and is primarily
provided by:

e suppressed expression of EMT inductor
zinc-finger TF Snail, affected by SOX2;

e stimulation of expression of E-cadherin
due to K1f4;

e inactivation of TGFpP receptors due to
C-MYC[31].

It is worth noting that numerous research
groups report on the induction of MET
occurring in mouse and human somatic cells
in only due to inhibition of TGFp, suggesting
that suppression of TGFf and interaction of
reprogramming TFs with bone morphogenic
proteins are MET’s primary causes [30, 13].

Metabolic changes determinant for the
start of reprogramming, MET, the events of
epithelialization with heavy loss of repressive
histone modifications H3K27me3 and opening
chromatin should be distinguished from
the actual pluripotency induction. Genes
responsible for epithelial phenotype, expressed
in pluripotent cells, are not specific to the
latter.

In addition, the abovementioned processes
in spite of their high efficiency are reversible,
such as in the case of TF removal the
mesenchymal phenotype is restored. Therefore,
a steady level of exogenous expression of TFs is
a prerequisite for moving to the next phase of
pluripotency induction [30].

Maturation of partially reprogrammed cells

It is worth noting that that not all
works on TF-mediated pluripotency
induction see this phase of molecular
processes as a separate phase of the process
of reprogramming. At the same time,
given the transcriptome analysis data,
many scientists isolate the maturation of
partially reprogrammed cell (or later partial
reprogramming) as a separate phase of
pluripotency induction [13, 17, 30]. The basis
for the separation of this phase is distinct
specific gene expression profile observed
after MET, which includes the expression of
pluripotency genes FBX015, SALL4, OCT4,
NANOG and ESRRB and changes during the
next phase of reprogramming [17, 30].

The decisive factor that stimulates the
transition of partially reprogrammed human
somatic cells to this phase is believed to
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Fig. 1. Mesenchymal-to-epithelial and epithelial-to-mesenchymal transitions, characteristics
of mesenchymal and epithelial cells

be LIN28. LIN28 is a marker of ESCs and
enables the demethylation of promoters
in abovementioned pluripotency genes, as
well as the introduction of active histone
modifications [30]. These very processes
enable the further establishing pluripotency
network, which happens in the next phase of
reprogramming and will be described below.

The beginning of expression of FBX015,
SALL4, OCT4, after which the expression of
NANOG and ESRRB is observed, is used by
researchers to determine the transition of
reprogrammed cell to the maturation phase,
however, these markers are not indicative
of the successful pluripotency induction
and generation of functional iPSCs, namely
the ability of self-maintenance when ectopic
expression of reprogramming TFs is absent.

Scientists are pointing out the preparatory
role of molecular epigenetic processes of
this phase in ensuring the complete cell
reprogramming through local chromatin
remodeling and further derepression of
pluripotency genes[9, 16, 30].

Deterministic phase of pluripotency net-
work establishment and stabilization

Pluripotency network (Fig. 2) includes
interacting TFs required to establish and
maintain pluripotency [9]. Pluripotency

network formation is a determinant factor of
reprogramming success. Pluripotency network
is built in a switch-like manner resulting in
final transition of reprogrammed cells to
pluripotency state and following the epigenetic
alterations and activation of a few key genes
[18, 31, 32].

The pluripotency network reestablishment
is determined by endogenous SOX2 activation
[16], requires removal of the ectopic TF
expression and ensures stable functional
pluripotency [18]. Epigenetic alterations
that took place at the former reprogramming
phases include accumulation of activating
histone modifications cause formation of
bivalent chromatin that is specific feature of
pluripotency. In the pluripotent cells bivalent
chromatin is responsible for specialization
repression with sensitivity to multiple
differentiation cues and specialization ability.

In PSCs bivalent chromatin is considered
as consequent balance of two co-functioning
protein complexes (repressive PcG and
transcription activating TrxG). PcG and TrxG
activities set repressive and activating histone
modifications H3K27me3 and H3K4me3 on
developmental genes promotors. In turn,
the promotors can be repressed or activated
depending on the specialization signals and
enable cell fate choice (Fig. 3) [24, 33, 34].
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' NANOG

Fig. 2. Interplay between master TFs in self-regulatory pluripotency network [32]

@ H3K27me3

@ H3K4me3 ' Nucleosome

Fig. 3. Bivalent chromatin with repressive H3K27me3 and activating H3K4me3

Bivalent chromatin is a distinct feature
of the functional pluripotency network at the
later reprogramming phases. It arises as a
result of local histone remodeling and emerging
H3K4me3 that activate gene expression.
It’s important to note that the earlier
phase shows the local histone remodeling
at hypomethylated distal cis-regulatory
sequences without expression of the relevant
gene. Whereas accumulating chromatin
alterations during the last two reprogramming
phases allows for the establishment of bivalent
chromatin. However, currently it’s under
discussion whether H3K4me3 and H3K27me3
marks are enough for the chromatin bivalency
and functional pluripotency [18]. Therefore
molecular algorithms of chromatin bivalency
require further research in the field of somatic
cell reprogramming.

Endogenous SOX2 activation and
removal of ectopic TF expression are needed
in order to establish pluripotency network
and renew bivalent chromatin organization
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and epigenetic patterns of pluripotent cells
[32, 35]. During pluripotency stabilization
phase the successfully reprogrammed cells
demonstrate abilities to self-renew and iPSC
traits (e.g. expression of pluripotency genes
and bivalent CpG-islands of development
genes promoters, dynamic regulation
of retrotransposons, etc.) [35-37]. As
we mentioned above, activating histone
modifications and KDM6A induced removal
of repressive marks contribute to the
derepression of pluripotency genes.

Thus stabilization phase efficiency is
determined by following factors:

e silencing of the ectopic TF expression;

e expression of pluripotency genes;

o establishment of bivalent chromatin
organization.

Bivalent chromatin required for the
functional pluripotency is one of the key points
reasoning the existing problems of cellular
reprogramming process — modest efficiency
and heterogeneity of iPSC lines [38].
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Enhancing reprogramming efficiency
and wider applications of transdifferentiated
cells in disease modelling, pharmacology, cell
therapy and regenerative medicine as well as
other cell technology solutions require further
investigation of molecular and epigenetic
processes that take place in the phase described
above. Identification of accurate algorithms
in pluripotency network establishment,
stabilization and in other pluripotency
features allow for more effective iPSCs usage
in multiple areas of biotechnology, medicine
and agriculture [39—41].

So, within the reprogramming phases
specified here the interactions network
between transcription factors (especially
0CT4, SOX2 and NANOG co-binding to the
same target genes) is crucial in pluripotency
induction and stabilization for somatic cells in
mice and humans. OCT4 and SOX2 bind to the
distal regions of proliferation and pluripotency
genes that were inactivated during
ontogenesis. C-MYC and KLF43 share these
target regions to open the chromatin de novo
or provide for active histone modifications
(thus activating the gene expression patterns
existing before cellular differentiation).
Recent studies showed significant impact of
OCT4 and C-MYC on cellular proliferation,
metabolic shifts and MET during early
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MOJIEKYJIAPHI MEXAHI3MU ITHIYKIIIT
IIJJIOPUIIOTEHTHOCTI TA
INEPEITPOTPAMYBAHHS COMATHYHUX
RJITHH

T.O. [Jenymamosa
TOB «De Novo», Kuis, Ykpaina
E-mail: tdeputatova@gmail.com

MeToio poboTu OyJio IpoaHaNi3yBaTH aKTy-
aJbHi OCHiI:KeHHS, IPUCBAUYEHI MOJEKYJIAP-
HUM MeXaHi3sMaM iHIYKIil NJIOPUIOTEHTHOCTI
Ta OCHOBHHM eTallaM MepenporpaMyBaHHSA CO-
MaTUUYHUX KJIiTuH. OCcOo6JAUBY yBary mpHUIiJeHO
YMHHUKAM, 1110 3a0e3IIeUy0Th IepexXia Big 0qHOTO
eraiy IepenporpaMyBaHHS 40 iHIIOTo. 3pobJieHo
BUCHOBOK IIPO Te, II[O0 OJHi€I0 3 OCHOBHUX Ilepe-
mkon gis 3aiicuenus IPSC e 6araroeranuumii xa-
pakTep mepenporpaMyBaHHa COMATUYHUX KJIITHH,
10 mepenbavae HasSABHICTD PAaHHIX CTOXACTUYHUX
das i rerepMiHicTChKe CTBOPEHHSA IJIIOPUIIOTEHT-
HOI peryaaTopHoi Mepe:ki. Hespaskarouu Ha yuc-
JeHHi1 HayKOBi Jocaim:KeHHs, Pid3HI MPOTOKOJIU
mepenporpaMyBaHHA OOMeEKYIOTh e(peKTUBHUI
JIOCJIITHUIIPKUH aHaJi3 i BUSABJIEHHA MOJIEKYJIAD-
HUX MeXaHi3MiB mepenporpamyBaHHdA. aa mo-
YKy TOYHOTO aJTOPUTMY IIepernporpaMyBaHH i
po3pobeHHs 6iJbIl e(DeKTUBHUX TPOTOKOJIIB IIe-
penporpamMmyBaHHA KYJIbTUBOBAHUX KJITUH KOH-
KPeTHOTO MaIlieHTa ¥ MOJaJbIINX AOCJIiIKeHHAX
cJim socepenuTu yBary Ha iHAYKTOpax ()asoBUX
TIepexo/iB OKPEMUX CTaill mepenporpaMyBaHHS.

Knawouwosi cnoea: iHAYKIiA IIJIIOPUIOTEHTHOCTI,
ImepenporpaMyBaHHsA, COMaTUYHI KJIiTUHU, iHIY-
KOBaHi IJIIOPUIIOTEHTHI CTOBOYPOBi KJIiTHHU.

MOJIERY JIIPHBIE MEXAHHW3MbI
HMHAYKIOHUU IIJIOPUIIOTEHTHOCTH
U IIEPEITPOTPAMMUWPOBAHUA
COMATHYECKHUX KJETOR

T.O. [Jenymamosa
000 «De Novo», Kues, Yxkpauua

E-mail: tdeputatova@gmail.com

ITesb paboTHI — MIPOAHAINBUPOBATE AKTYAJTLHBIE
WCCJIEOBAHMSA, TIOCBAIIEHHBIE MOJIEKYISIPHBIM Me-
XaHU3MaM UHAYKIIUY ILTIOPUIIOTEHTHOCTH, a TaKiKe
OCHOBHBIM 3TallaM IIepermporpaMMUPOBaHUA coMa-
TUUecKux KJieTok. Ocoboe BHMMaHIe yaeaeHo (pak-
TOpaM, 00eCIIeUMBAIOITUM TIEPEXO0]] OT OJTHOTO STama
IepernporpaMMUpOBaHus K aApyromy. Caesas BbIBOJ O
TOM, UTO OJHUM 13 OCHOBHBIX IIPEIISATCTBUM JJIsI OCY-
mrectBiaeHusa IPSC sBIsgeTCsT MHOTOITAITHbBIN XapakK-
Tep IepenporpaMMUPOBAHIA COMAaTUYECKUX KJIETOK,
YTO IPEAIIoaraeT HaJuure PAHHUX CTOXACTAUECKIX
($as u TeTepMUHUCTCKOE CO3AaHMe TLTIOPUITOTEHTHOM
peryasaTopHoii cetr. HecMoTps Ha MHOKECTBO HayU-
HBIX HCCJIEOBAHUM, PA3JIUUHbIE IIPOTOKOJBI IIepe-
IPOTPaMMUPOBAHUSA OIPAHUYUBAIOT 9(P(EeKTUBHBIH
WCCJIeIOBATEILCKUI aHAJNN3 U BBIABJIEHUE MOJIE-
KYJIAPHBIX MeXaHU3MOB TIePeIPOrpaMMUPOBAHUA.
JJ1s TTIOMCKa TOYHOTO aJITOPUTMA 1 paspaboTKu OoJiee
3(p(peKTUBHBIX IIPOTOKOJIOB IIePEIPOrPaAaMMUPOBAHUA
KYJIBTUBUPYEMbBIX KJIETOK KOHKPETHOTO IallieHTa B
JATBHEHNININX UCCIeJOBAHUAX HEO0XOUMO COCPEI0-
TOYUTH BHUMAaHME Ha MHAYKTOPaX (pa30BbIX II€PEX0-
JTOB OTIEJIbHBIX CTAAMH TIePerrporpaMMPOBAHUA.

Knwouesvle cnosa: MHAYKIUS IIIOPHAIIOTEHTHOCTH,
IepernporpaMMUpPOBaHe, COMATHUUYECKUe KJETKU,
WHIYIIUPOBAHHBIE ILJIIOPUIIOTEHTHBIE CTBOJIOBBIE
KJIETKHU.
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