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ARTICLE INFO ABSTRACT
Keywords: Induced pluripotent stem cells (iPSCs) offer a groundbreaking technology, which has
Stem Cells transformed translational research and clinical applications in a wide range of fields,
Pluripotency such as regenerative medicine, tissue engineering, cell therapy, disease modeling,
Microarray developmental biology, etc. iPSCs are derived from terminally differentiated somatic
Drug repurposing cells by reprogramming the genetic and epigenetic program back to the pluripotent

Somatic cell reprogramming stem cell characteristics. iPSCs are very identical to embryonic stem cells in regards
to differentiation into many cell types; however, iPSCs are exempt from the legal or
ethical issues. These advantages enable iPSCs to advance the cell therapy and
transplantation strategies. Nonetheless, low reprogramming efficiency and the risk
for tumorigenicity are still limitations in the application of iPSCs in practice because
the usage of the same pluripotency factors in all somatic cell types remains incapable
of an efficient reprogramming. Here, we accomplished a holistic meta-analysis of
the transcriptome datasets in a bidirectional perspective to achieve significant
pluripotency-related genes that can commonly be applicable in all origin cells. The
current study suggested prospective reprogramming factors, such as POLR3G,
TERF1, and PHCI. Meanwhile, integrated drug repurposing also revealed certain
small chemical molecules, which can promote transgene-free reprogramming and
safer iPSC generation protocols.
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1. Introduction of embryonic stem cell (ESC) formation as the
output of a comprehensive screening assay [2, 3].

Induced Pluripotent Stem Cells (iPSCs) were

first created utilizing retroviral transduction of
certain genes into adult somatic cells by
Takahashi and Yamanaka [1]. The basic
principle is to switch terminally differentiated
cells back into the embryonic stem cell
characteristics by delivering certain nuclear
reprogramming factors that sustain capacity for
potency and self-renewal. Octamer-binding
transcription factor 4 (OCT4), Sex-determining
region Y-box 2 (SOX2), Kruppel Like Factor 4
(KLF4), and the oncogene c-MYC, collectively
known as OSKM or Yamanaka factors, were able
to induce the transdifferentiation
(reprogramming) of somatic cells to the
embryonic-like pluripotent cells. These genes
emerged as the crucial ones in the initial stages

Since then, multiple studies revealed that ectopic
expression of Yamanaka factors in the somatic
cells is not sufficient alone to re-alter the
complex epigenetic program required for the
iPSC generation [4]. Hereby, only a small
fraction of somatic cells (up to 1%) can
successfully be reprogrammed into iPCSs from
the terminally differentiated cells [5]. Another
disadvantage is that overexpression of oncogenic
genes such as KLF4 and c-MYC is associated
with a high carcinogenic risk in reprogrammed
cells through various mechanisms, including p53
inactivation, development of drug resistance,
inhibition of cell cycle suppressors, and
epithelial-mesenchymal transition (EMT) [6, 7].
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Over the last 15 years, a wide range of protocols,
which are especially capable of overcoming
epigenetic barriers, have been developed to
generate clinical-grade iPSCs and/or to enhance
reprogramming efficiency [2, 8]. To date, a)
identification of alternative or additional
transcription factors to OSKM, b) addition of
small chemical molecules that induce
transdifferentiation (chemical induction) into the
growth medium, c) use of non-integrative viral
and non-viral gene transfer methods (e.g.,
episomal plasmids, SeVdp, PiggyBac, etc.), d)
origination from the alternate cell sources that are
more talented for somatic reprogramming, and e)
transfection of non-coding RNAs as epigenetic
regulators have all been reported to increase the
efficiency and in vivo safety of iPSC production
[2,4,9].

Researchers have mainly focused on the gene
delivery methods for improved reprogramming
efficacy and biological safety [10-12]. However,
exploration of alternate reprogramming factors,
which re-establish the pluripotent nature within
the somatic cells, has been overshadowed so far.
This is because each somatic cell type requires a
divergent reprogramming factor cocktail due to
having a unique epigenetic  profile,
transcriptional ~ regulatory  networks, and
molecular roadblocks [13-15].

Indeed, there are numerous studies that explored
the transcriptomic signature and regulation
during the differentiation processes (from
somatic cell to iPSC and from iPSC to somatic
cell) [16-19]. Nevertheless, this research only
discussed the transcriptomic changes for a
specific somatic cell. In the present study, we
aimed to investigate common pluripotency-
associated genes that can be used jointly as
reprogramming factors independent of the origin
somatic cell by evaluating the outcomes of
multiple transcriptome analyses together.

Otherwise, chemical reprogramming is another
approach for overcoming the challenges in
efficient and safer 1PSC manufacturing.
Chemical reprogramming is based on the
administration of small chemical compounds to
somatic cells, which enable reprogramming of
somatic cells by robustly tuning ESC-related
signaling pathways [20]. For instance, Li et al.

defined a small-molecule cocktail, namely
VC6T, consisting of valproic acid (an HDAC
inhibitor), CHIR99021 (a GSK3 inhibitor), 616
452 (a TGF-B inhibitor), and tranylcypromine (an
LSDI1 inhibitor) that could substitute for SOX2,
KLF4, and c¢-MYC in somatic cell
reprogramming [21]. Thus, it offers a transgene-
free, cost-effective, and customizable method to
generate clinical-grade iPSCs [22]. Even so, the
discovery of versatile chemical compounds
simultaneously governing a wide range of
pathways is still a necessity. Herein, our data also
proposed several transcriptional targets to
eliminate epigenetic barriers when
downregulated and novel agents for the
generation of chemically induced i1PSCs
(ciPSCs). In this regard, we sought differentially
expressed genes (DEGs) in the microarray data
published on the Gene Expression Omnibus
(GEO) database. Here, we settled on a
bidirectional approach through the meta-analysis
of sorts of datasets: 1) detection of upregulated
genes in the course of reprogramming various
somatic cells to iPSCs, and 2) extraction of DEGs
between the iPSC-derived somatic cells and the
parental iPSCs.

2. General Methods
2.1. Transcriptome dataset acquisition

All transcriptomic datasets were acquired from
the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo). GSE55109
[23], GSE62066 [24], and GSE67915 [19] were
the GEO datasets comparing the gene expression
levels in iPSCs and their somatic cell origins in
the course of somatic cell reprogramming (SomC
to iPSC). Concurrently, the microarray datasets
GSE175179 [25], GSE43143 [26], GSE55536
[27], GSE65423, GSE117086 [28], and
GSE147498 [29] were used to evaluate DEGs
between iPSCs and iPSC-derived somatic cells
during the conversion of iPSCs into terminally
differentiated cells (iPSC to SomC).

2.2. Evaluation of differentially expressed
genes (DEGs)

Differentially expressed genes (DEGs) were
identified using the GEO2R tool
(https://www.ncbi.nlm.nih.gov/geo/geo2r/)
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provided by the GEO database. Benjamini &
Hochberg adjustment was applied to the p-values
[30]. The Log2FoldChange (Log2FC) threshold
was set as 1 (|log2foldchange| > 1.0) to consider
the DEGs with at least a 2-fold change. Other
options were kept as default. Common DEGs
were displayed, and Venn diagrams were
rendered in Jvenn, an open-source interactive
tool [31]. After DEGs in each microarray dataset
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were individually dissected and descendingly
ranked according to enrichment scores as
Log2FC, mutual DEGs were revealed by using
intersection-based Venn diagrams. Therefore,
only concordant genes from independent
platforms and biological contexts could be
considered to identify the most probable
candidates without needing batch correction.
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Figure 1. Upregulated genes while somatic cells were reprogrammed into iPSCs (A) and enriched GO terms
(B). Downregulated genes during iPSCs were terminally differentiated into somatic cell types (C) and related
GO terms (D)

2.3. Gene enrichment analysis

Metascape, a web-based analysis resource, was
utilized for gene annotation and interpretation of
enriched Gene Onthology (GO) terms, including
biological processes, molecular functions, and
cellular components, KEGG pathways, etc [32].

For enrichment analysis, minimum overlap, p-
value cutoff, and minimum enrichment were
selected as 3, 0.01, and 1.5, respectively.
Afterwards, charts including the three enriched
terms (BP/CC/MF) were plotted using SRplot
[33].
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2.4. Identification of small chemical

compounds

Upregulated common DEGs (37 genes) and
downregulated core DEGs (9 genes) in iPSCs
were submitted to L1000 Characteristic
Direction Signature Search Engine (L1000CDS?)
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3. Results

3.1. Evaluation of the DEGs related to
pluripotent state

Ongoing research has shown that each somatic
cell type has a unique epigenetic profile that
distinguishes transcriptional circuits [34, 35] and
constitutes an epigenetic memory [36]. Thus,
different somatic origins exhibit unusual iPSC
production efficiency and quality during OSKM-
induced reprogramming. In other words,
utilization of the OSKM cocktail in all somatic

developed by the Ma'ayan Laboratory at the
Icahn School of Medicine at Mount Sinai to
extract repurposing small chemical ligands.
There configuration was selected as “mimic” to
search for the small molecules that may provide

the input common gene expression profile.
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cell types might give rise to nonequivalent
impacts on the epigenetic memory-associated
barriers [37-39]. Given that discrimination, we
decided to collectively reevaluate the microarray
data to wunravel alternate or supporting
pluripotency factors, comparing the
transcriptomic profiles during reprogramming of
different kinds of somatic cell origins to iPSCs.

First, we aimed to identify the common
upregulated genes, whose overexpression in
resultant iPSC lines was probably independent
from the origin cell. After the increased DEGs in
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iPSCs by at least 2-fold were listed for each
dataset (GSE55109, GSE62066, and
GSE67915), mutual DEGs were represented by
creating a Venn scheme. It was found that 674
genes were upregulated in all iPSC lines (Figure
1A) reprogrammed from the human adult dermal
fibroblasts and CD34+ cord blood cells from
three different studies [19, 23, 24]. GO
enrichment analysis showed that these
upregulated genes are related to reasonable GO
biological process, cellular component, and
molecular function terms, including cell-cell
interaction, cytoskeleton, adhesion, stem cell
factor receptor activation, histone modifying
activity, tube morphogenesis, and neuronal
development (Figure 1B).

Meanwhile, we  sought the common
downregulated genes while iPSCs differentiate
into somatic cells, suggesting these could also be
related to the maintenance of pluripotency and
should be silenced for a proper cell fate
commitment. Here, we detected 97 genes
downregulated (Figure 1C) in iPSC-derived
human cardiomyocytes, neurons, macrophages,
cerebellar-like neuronal cells, hepatocytes, and
primordial germ cell-like cells (WPGCLCs) from

6  different gene  expression  datasets
(GSE175179, GSE43143, GSES55536,
GSE65423, GSE117086, and GSE147498).

Likewise, downregulated genes were associated
with the comparable GO biological process,
cellular component, and molecular function
terms, such as cell junction organization,
synaptic signaling, membrane localization, and
so on (Figure 1D).

Actually, genes associated with the pluripotent
state are supposed to be upregulated while
somatic cells are converted to iPSCs. Besides,
similar genes related to pluripotency are likely to
be suppressed while iPSCs differentiate into any
somatic cell type. Of course, DEGs can differ
between iPSCs and terminally differentiated
somatic cell states according to the cell types.
However, the most critical genes for the iPSC
identity are not expected to diverge from cell
type to cell type (in both directions; iPSC to
somatic cell or somatic cell to iPSC).

iPSCs
and

Given this,
(reprogrammed  from

upregulated genes in
somatic  cells)

downregulated genes in iPSC-derived somatic
cells were compared to unveil the common
DEGs, which potentially retain indispensability
for the pluripotent state independent from the cell
type. Surprisingly, only 37 DEGs were shared
between the two conditions explained above
(Figure 2A). The genes already associated with
stem cell biology, including SOX2, DPPA4,
DNMT3B, USP44, HMGA, etc., were intriguing
among these common DEGs (Figure 2B),
demonstrating outcomes of both analyses were
consistent with each other. These genes were
noticed to be involved in important biological
processes and molecular functions, such as cell
adhesion, cell junction, heterochromatin, cell
cycle regulation, amino acid metabolism, the
Wnt pathway, and transcription cofactor activity
(Figure 2C). Taken together, these genes in
Figure 2B stand out as alternative
reprogramming factor candidates that can induce
pluripotency alone or improve the efficacy of
OSKM-mediated reprogramming protocols.

3.2. Dissecting the DEGs that potentially
suppress the pluripotency

From another perspective, downregulated genes
during iPSC formation can gain insights into hub
proteins whose expression may be redundant in
the pluripotent stage. Alternatively, these
silenced genes may also hint at candidate targets
for new compounds for chemical reprogramming
protocols.

While reprogramming the human adult dermal
fibroblasts and CD34+ cord blood cells into
iPSCs, 215 common genes were downregulated
in iPSCs compared to their origin somatic cells
in all transcriptomic datasets (Figure 3A). Gene
enrichment analysis showed that common DEGs
were mainly involved in cellular responses to
certain stimuli, cytokine production, immune
regulation, secretion, and enzymatic activity
(Figure 3B). With a reverse approach, we also
assessed upregulated genes in terminally
differentiated cells against iPSCs that they were
derived from, suggesting that the expression of
the pluripotency suppressor genes might be
increased along with the lineage-specific genes.
Herein, 149 genes were in the intersection of all
GEO datasets (Figure 3C) with conceivable GO
terms (biological process, molecular function,
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and cellular component), such as the
development of various tissues, morphogenesis,
growth,  extracellular ~ matrix  structure,
transcriptional regulation, and cell adhesion were
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Figure 2. Downregulated genes while somatic cells were reprogrammed into iPSCs (A) and enriched GO
terms (B). Upnregulated genes during iPSCs were terminally differentiated into somatic cell types (C) and
related GO terms (D)

However, the number of common genes between
two datasets was fewer than expected. Only 9
core genes (RGCC, SUSD6, YAF2, RNF194,
ARID5B, RIN2, GSTM3, MTSSI, ARMCX3)
were unveiled as the mutual differentially
expressed hub genes (Figure 4). Unfortunately,
associated GO terms could not be enriched due
to the inadequate number of hub genes.

3.3. Exploration of the small chemicals to
mimic DEG profile in iPSCs

As figured out, 37 core upregulated genes and 9
core downregulated genes in iPSCs were found
in all GEO datasets. This suggests that the

differential expression of these genes is probably
independent from the type of somatic cell.
Nominately, we hypothesized that mimicking the
expressional pattern by using small chemical
compounds could promote chemical
reprogramming of human somatic cells.
Repurposed molecules and their potential effects
on the core genes were depicted in Figure 5.
Treatment of the somatic cells with these
promising compounds (alone or in combination)
(Table 1) can holistically ensure the DEG
signature deduced in our transcriptomic meta-
analysis, enhancing OSKM-mediated or
transgene-free reprogramming yield.
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Figure 4. The top ranked repurposed compounds mimicking expressional signature yielded in the
transcriptomic meta-analysis. Red and blue squares in the matrix indicate up and down regulation,
respectively

4. Discussion

Induced pluripotent stem cells (iPSCs) are
marvellous cellular tools offering opportunities
in a wide-range of application fields, such as
regenerative medicine, developmental biology,
disease modeling, tissue and organoid
engineering, drug discovery, and cellular
therapies. iPSCs are originated from the any
terminally differentiated somatic cell by
reprogramming them back into an embryonic-
like pluripotent state [40]. Even though iPSCs
almost represent all embryonic stem cell (ESC)
characteristics, their applications are exempt
from the legal obstacles and ethical issues in
contrast to ESCs since living embryos are not
destroyed during ESC isolation. Somatic cell

reprogramming have still been accomplished by
the delivery of the pluripotency-related
transcription factors, such as OCT4, KLF4, c-
MYC, SOX2, and LIN28 since these genes were
first disscovered by Yamanaka and colleagues [1,
3]. It is challenging to compose a generalizable
reprogramming protocol that utilizes the same
transgens for each somatic cell type because
terminally differentiated cells maintain unique
genetic and epigenetic programs [13]. Therefore,
utilization of alternative genes related to
pluripotent state may enable a more efficient
reprogramming for the most of somatic cell

types.

Hereby, we sought out the probable genes for the
pluripotent state, which jointly showed
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significant expression levels in iPSCs during
both  bidirectional differentiation courses
(somatic cell to iPSC and iPSC to somatic cell)
by the integrated meta-analysis of transcriptome
datasets in the GEO platform. Independent from
the somatic cell type, 37 upregulated genes were
noticed in iPSCs compared to the microarray data
of terminally differentiated cells (Figure 2).
Certain genes were quite intriguing among the
upregulated transcripts (Figure 2B).

Podocalyxin-like protein (PODXL), a cell-
adhesion glycoprotein, has previously been
reported to present pluripotency markers,
including ALP, SSEA3, SSEA4, SSEAS, TRA-
1-60, and TRA-1-81 on the surface of human
ESCs [41]. Additionally, PODXL gene was
activated by KLF4 in human iPSCs at the early
stage of reprogramming. Another current study
has demonstrated PODXL is a crucial factor for
primed pluripotency by promoting self-renewal,
colony formation, c-Myc expression, and hTERT
expression [42]. PODXL also regulated the
cholesterol biosynthesis pathway to contribute to
pluripotency. Notably, PODXL knockdown
resulted in the loss of pluripotency, while
PODXL overexpression augmented the human—
mouse chimera formation in the mouse host
embryos by regulating cell-cell and cell-
extracellular matrix (ECM) interactions.

SOX2 (SRY-box transcription factor 2) is
expected to appear because it is already an
authenticated strong reprogramming factor [43],
addressing the reliability of the current meta-
analysis. Along with SOX2, OCT4 (POUSFI or
related isoforms), LIN28, c-MYC, and NANOG
were detected in the upregulated transcriptome
lists in only one or a few datasets (data not
shown) not in the intersection, suggesting
expression of other reprogramming factors can
differ cell type to cell type.

Glypican 4 (GPC4), a cell surface heparan sulfate
proteoglycan, was also reported as required for
self-renewal in the mouse ESCs, and its
downregulation in human iPSCs led to
improvement in neuronal differentiation [44].

Chang et al. showed that expression of the
TRIM71 (Tripartite motif containing 71) gene
that encodes an E3 ubiquitin-protein ligase was

specific to undifferentiated mouse ESCs [45]. As
reported, TRIM?71 is associated with the miR-290
and miR-302 families, the best-known ESC-
specific miRNA clusters, and the Ago-2 protein
to suppress Cyclin-dependent kinase inhibitor 14
(CDKNIA) expression. Thus, TRIM71 is a
significant factor that induces rapid self-renewal
of ESCs. Moreover, TRIM71, accompanied by
let-7, contributed to human iPSC reprogramming
by targeting differentiation genes, particularly
the prodifferentiation transcription factor EGR1
[46].

CDHI (Cadherin 1 or E-cadherin) is another
common upregulated gene in iPSCs in our
analysis. CDHI was demonstrated to be involved
in self-renewal and mesenchymal to epithelial
transition (MET) in pluripotent stem cells [47-
49]. Notably, An and coworkers exhibited that
elevated CDHI expression enhanced the
reprogramming of human spermatogonial stem
cells (SSCs) and male germline stem cells
(GSCs) into iPSCs [50], promoting a putative
role in the maintenance of pluripotent status.

Otherwise, Qiao and colleagues unraveled that
SEPHSI (Selenophosphate synthetase 1) was
dispensable for pluripotency maintenance but
critical for three germ layer differentiation of
mouse ESCs [51]. Contradictorily, SEPHSI
upregulation in all iPSCs datasets compared to
somatic cells led us to conclude that it may be
required at the initial stages of pluripotency and
can not induce reprogramming alone.

RNA polymerase Ill subunit G (POLR3G) is
another sensible gene yielded in our
transcriptomic  analysis. ~ POLR3G  was
previously indicated that its level was higher in
undifferentiated human ESCs and iPSCs,
maintaining the pluripotent state of human ESCs
[52]. Then, Lund et al. elaborated that POLR3G
was essential to regulate the transcription or
splicing of a specific subset of small RNAs
(miRNAs, snoRNAs, lincRNAs, etc.) and the
pluripotency-linked  protein-coding  genes,
including DNMTI, APC, SMARCA4, NIPBL,
RIF1, RTF1, TETI, and LIN28A [53].

Furthermore, POLR3G could recruit key
transcription factors, NANOG, SOX2, and KLF4
on the promoters of POLR3G-regulated
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transcripts. Taken together, POLR3G stands out
as an alternative or supportive pluripotency
factor candidate to be utilized in the
reprogramming of various somatic cells.

TERF1 (Telomeric repeat binding factor 1)
encodes a component of the shelterin complex,
which is involved in the protection of
chromosome ends. Schneider and coworkers
pointed out TERF1 as a stem cell marker, which
was crucial for both maintenance and induction
of pluripotency in the mouse ESCs and iPSCs,
respectively  [54].  Endogenous  TERFI
expression in mouse iPSCs was enriched because
it was a direct target of OCT4 and NANOG.
Further evidence about the contribution of
TERTI to the maintenance of the naive state of
mouse ESCs was also manifested by several
researchers.

Interestingly, Marion et al. designated that
TERF'I depletion in mouse pluripotent stem cells
led to downregulation of a series of genes,
including MYC, SOX2, NANOG, KLF4, and
BMP, indicating it might control key
pluripotency transcription factors [55]. Liu and
colleagues also  elucidated the miR-
590/Acvr2a/Terfl axis was substantial for
telomere elongation to modulate the pluripotency
in the pluripotent cells [56]. Although these
findings together reflect the critical involvement
of TERTT1 in the pluripotency control in ESCs or
already reprogrammed iPSCs, there is no
evidence about the consequences of ectopic
overexpression of TERTI in the differentiated
cells to induce reprogramming. Given its
significance, TERT] also emerges as a candidate
with high potential for use as a reprogramming
factor.

DPPA4 (developmental pluripotency associated
4), a marker of pluripotent stem cells, shows
overexpression in ESCs and certain cancers.
DPPA4 acts as a transcriptional regulator of
endogenous targets in pluripotent cells and tumor
cells, promoting cell proliferation [57]. However,
DPPA4 knockout only affected cell fate
commitment at later developmental stages but
not pluripotency in mice [58]. Nevertheless, its
ectopic overexpression in somatic cells came out
with oncogenic impacts [57-59]. Therefore, we
concluded that DPPA4 gene is not promising to
facilitate clinical-grade iPSC production.

PHC1 (polyhomeotic homolog 1) is a subunit of
canonical polycomb repressive complex 1
(PRC1), a crucial regulator of pluripotency and
early embryonic development [60]. A recent
study revealed that Phc/ had the highest-ranking
score in the mouse integrated stemness
signatures (ISSs) composed of a gene regulatory
network for self-renewal and differentiation [61].
On the other hand, Chen and colleagues also
reported PHCI maintained the pluripotency of
human ESCs by regulating genome-wide
chromatin  architecture and  particularly
activating NANOG transcription [62].

Conversely, analysis of transcriptomic datasets
revealed a restricted number of genes that were
commonly downregulated in iPSCs compared to
the related somatic cells (Figure 4). This
limitation could have arisen from the biological
variability among different somatic cell types
and differentiation protocols, as well as technical
constraints of the given transcriptomic datasets.
For instance, YAF2, a polycomb group (PcG)
protein, was shown as a transcriptional repressor
and an important regulator for self-renewal of
mouse ESCs [63]. Surprisingly, YAF1 also has a
function in the differentiation programs in
mESCs and the formation of the embryoid body,
highlighting that targeting YAF1 by small
molecules can indeed gain an advantage in
reprogramming protocols. Likewise, there are
several studies exhibiting that ARMCX3
(Armadillo repeat containing X-linked 3) and
RGCC (regulator of cell cycle) balance self-
renewal and neural differentiation of certain
progenitors and stem cells [64-67].

Although identified chemical compounds are
speculative, they may indirectly support
pluripotency in vitro. For instance, BRD-
K44432556, introduced as a potent HIFla
(hypoxia inducible factor lo) activator before
[68], was quite intriguing. Several studies have
reported that HIF1 could contribute to
pluripotency during somatic cell reprogramming
by promoting the metabolic shift in this process
[69]. In this regard, small molecules that can
modulate key metabolic players, such as HIFs,
are thought to be encouraging in iPSC production
[70]. Besides, the studies lasting in recent years
have highlighted the importance of managing the
ubiquitin—proteasome system (UPS) either in the
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induction or maintenance of pluripotency [71,
72]. Thereby, NSC 632839 hydrochloride seems
to be plausible, hypothetically controlling UPS
because Aleo and coworkers characterized it as
the nonselective isopeptidase inhibitor [73].
Additionally, it has been indicated that ERK
downregulates NANOG, OCT4, KLF2, and
KLF4, and its pharmacological inhibition via
VX-11e stimulates self-renewal [74].

Thereby, ERK inhibitor 11e (VX-11e) in Table 1
would already be anticipated. Kim and
colleagues demonstrated that suppression of the
mTOR signaling pathway by shRNA constructs

augmented pluripotency and ESC-like properties
both in humans and mice [75]. Hence, selective
mTOR  kinase inhibitor AZDS8055 was
compatible with this data. Numerous studies
have already evidenced CHIR-99021’s
outstanding roles in maintaining self-renewal and
pluripotency of the mouse and human pluripotent
stem cells [76-78]. This was considered as a
corroborative indicator for the relevance of the
outputs in Table 1. These findings altogether
indicate that repurposed small chemical
molecules may be applicable in the maintenance
of the pluripotent state since some of them are in
conformity with the published research.

Table 1. Top 20 candidate small molecules (alone and in combination) to facilitate somatic cell
reprogramming

Solo Administration

Administration in Combination

No Compound

Actual Target or Cellular Function

Compounds

Carbazol-9-yl-p-tolyl-

methanone N/A

1. Carbazol-9-yl-p-tolyl-methanone
6. ERK inhibitor 11e

2 BRD-K44432556

Hypoxia inducible factor activator

2. BRD-K44432556
6. ERK inhibitor 11e

3 NSC 632839 hydrochloride

Ubiquitin isopeptidase inhibitor

1. Carbazol-9-yl-p-tolyl-methanone
11. BIBR1532

4 RHAMNETIN

Plant o-methylated flavonoid (antioxidant)

1. Carbazol-9-yl-p-tolyl-methanone
14. HY-11068

Treatment of psoriasis, eczema, vitiligo, and

1.

Carbazol-9-yl-p-tolyl-methanone

> METHOXSALEN some cutaneous lymphomas 16. ALW-II-38-3
s Extracellular signal-related kinase 2 (ERK2) 1. Carbazol-9-yl-p-tolyl-methanone
6  ERKinhibitor 11e inhibitor 18. CHIR-99021
e . 1. Carbazol-9-yl-p-tolyl-methanone
7 AZDB8055 ATP-competitive inhibitor of mTOR kinase 2 BRD-K44432556
Dorsomorphin .. I 1. Carbazol-9-yl-p-tolyl-methanone
8 dihydrochloride ATP-competitive AMPK inhibitor 3. NSC 632839 hydrochloride
. N 1. Carbazol-9-yl-p-tolyl-methanone
9 CYT997 Microtubule polymerization inhibitor 4 RHAMNETIN
. . . 4. RHAMNETIN
10  BRD-K25737009 Retinoic Acid Receptor Gamma (predicted) 6. ERK inhibitor 11¢
.. R 1. Carbazol-9-yl-p-tolyl-methanone
11 BIBRI1532 Non-competitive human telomerase inhibitor 7 AZD8055
D 6. ERK inhibitor 11e
12 IMD 0354 IKKf inhibitor 7 AZD8055
o 1. Carbazol-9-yl-p-tolyl-methanone
13 SB 239063 p38 MAPK inhibitor 9. Dorsomorphin dihydrochloride
A potent ephrin-A receptor (EphA3) kinase 1. Carbazol-9-yl-p-tolyl-methanone
14 ALW-I-38-3 inhibitor 10. BRD-K25737009
15 WZ-3105 Potential targets SRC, ROCK2, NTRK2, 2. BRD-K44432556
FLT3, IRAK1 11. BIBR1532
Selective inhibitor of glycogen synthase 5. METHOXSALEN
16 CHIR-99021 kinase 3 (GSK-3) 11. BIBR1532
17 AT-7519 Selective inhibitor of certain Cyclin 6. ERK inhibitor 11e
Dependent Kinases (CDKs) 11. BIBR1532
e 8. Dorsomorphin dihydrochloride
18 Taxol Antimitotic chemotherapy agent 11. BIBR1532
. . . 9. CYT997
19  GR 127935 hydrochloride  Selective 5-HT1B/1D receptor antagonist. 11. BIBR1532
20 L-cis-DILTIAZEM cGMP-activated K+ channel blocker 2. BRD-K44432556

12. IMD 0354
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Albeit the current study provides a basis to
uncover alternative reprogramming factor
candidates, experimental validation for the
transcriptomic analyses regarding these factors
and small chemical compounds is crucial to
substantiate their in vitro efficacy in somatic cell
reprogramming. For instance, the impacts of the
proposed genes (e.g., POLR3G, TERF1, PHCI)
on the characteristics of different somatic cell
types or the substitution potential of these
candidate genes for the Yamanaka factors should
be investigated through gain- and loss-of-
function strategies. Furthermore, integration of
single-cell transcriptomics and epigenomics may
also yield deeper insights into cell-type-specific
reprogramming dynamics. Meanwhile,
bioavailability, cytotoxicity, and potential off-
target effects of the small chemical molecules
from the in silico repurposing remained
unexplored here. Functional assays may also gain
original knowledge about how these small
molecule candidates could alter cellular
identities.

5. Conclusion

Consequently, the current study holistically
evaluated transcriptomic data in a bidirectional
manner (differentiation from somatic cell to
iPSC state, or vice versa) to reveal upregulated
genes potentially associated with pluripotency.
Otherwise, downregulated genes during iPSC
differentiation led us to screen potent chemical
molecules  to  facilitate  somatic  cell
reprogramming. Overall, transcriptomic analysis
has released novel findings that are worth taking
into account to design more generalizable
procedures for iPSC manufacturing.

Article Information Form

The Declaration of Conflict of Interest/
Common Interest

No conflict of interest or common interest has
been declared by the author.

Artificial Intelligence Statement
No artificial intelligence tools were used while
writing this article.

Copyright Statement

Author owns the copyright of their work
published in the journal and their work is
published under the CC BY-NC 4.0 license.

References

[1] K. Takahashi, S. Yamanaka, “Induction of
pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by
defined factors,” Cell, vol. 126, no. 4, pp.
663-676, 2006.

[2] P.Karagiannis, K. Takahashi, M. Saito, Y.
Yoshida, K. Okita, A. Watanabe, H. Inoue,
J. K. Yamashita, M. Todani, M. Nakagawa,
M. Osawa, Y. Yashiro, S. Yamanaka, K.
Osafune, “Induced pluripotent stem cells
and their use in human models of disease
and development,” Physiological Reviews,
vol. 99, no. 1, pp. 79-114, 2019.

[3] K. Takahashi, K. Tanabe, M. Ohnuki, M.
Narita, T. Ichisaka, K. Tomoda, S.
Yamanaka, “Induction of pluripotent stem
cells from adult human fibroblasts by
defined factors,” Cell, vol. 131, no. 5, pp.
861-872, 2007.

[4] K. Lin, A. Z. Xiao, “Quality control
towards the application of induced
pluripotent stem cells,” Current Opinion in
Genetics & Development, vol. 46, pp. 164—
169, 2017.

[S] A. Al Abbar, S. C. Ngai, N. Nograles, S. Y.
Alhaji, S. Abdullah, “Induced pluripotent
stem cells: Reprogramming platforms and
applications in cell replacement therapy,”

Bioresearch Open Access, vol. 9, no. 1, p.
121, 2020.

[6] Y. Qiao, O. S. Agboola, X. Hu, Y. Wu, L.
Lei, “Tumorigenic and immunogenic
properties of induced pluripotent stem
cells: A promising cancer vaccine,” Stem
Cell Reviews and Reports, vol. 16, no. 6,
pp- 1049-1061, 2020.

532



Zihni Onur Caligkaner

[7]

[8]

[9]

[10]

[11]

[12]

[13]

C. Zhong, M. Liu, X. Pan, H. Zhu,
“Tumorigenicity risk of iPSCs in vivo: Nip
it in the bud,” Precision Clinical Medicine,
vol. 5,no. 1, 2022.

Y. C. Lin, C. C. Ku, K. Wuputra, C. J. Liu,
D. C. Wu, M. Satou, Y. Mitsui, S. Saito, K.
K. Yokoyama, ‘“Possible Strategies to
Reduce the Tumorigenic Risk of
Reprogrammed Normal and Cancer Cells,”
International ~ Journal of Molecular
Sciences, vol. 25, no. 10, p. 5177, 2024.

C. Hu, L. Li, “Current reprogramming
systems in regenerative medicine: From
somatic cells to induced pluripotent stem
cells,” Regenerative Medicine, vol. 11, no.
1, pp. 91-105, 2016.

T. Pozner, C. Grandizio, M. W. Mitchell,
N. Turan, L. Scheinfeldt, “Human iPSC
reprogramming success: The impact of
approaches and source materials,” Stem
Cells International, vol. 2025, no. 1, p.
2223645, 2025.

K. Nishimura, M. Ohtaka, H. Takada, A.
Kurisaki, N. V. K. Tran, Y. T. H. Tran, K.
Hisatake, M. Sano, M. Nakanishi, “Simple
and effective generation of transgene-free
induced pluripotent stem cells using an
auto-erasable  Sendai  virus  vector
responding to microRNA-302,” Stem Cell
Research, vol. 23, pp. 13-19, 2017.

K. Nishino, Y. Arai, K. Takasawa, M.
Toyoda, M.  Yamazaki-Inoue, T.
Sugawara, H. Akutsu, K. Nishimura, M.
Ohtaka, M. Nakanishi, A. Umezawa,
“Epigenetic-scale comparison of human
iPSCs generated by retrovirus, Sendai
virus or episomal vectors,” Regenerative
Therapy, vol. 9, pp. 71-78, 2018.

M. S. Poetsch, A. Strano, K. Guan,
“Human induced pluripotent stem cells:
From cell origin, genomic stability, and
epigenetic memory to translational

medicine,” Stem Cells, vol. 40, no. 6, pp.
546-555, 2022.

[14]

[15]

[16]

[17]

[18]

[19]

533

P. H. L. Krijger, B. Di Stefano, E. de Wit,
F. Limone, C. van Oevelen, W. de Laat, T.
Graf, “Cell-of-origin-specific 3D genome
structure acquired during somatic cell
reprogramming,” Cell Stem Cell, vol. 18,
no. 5, pp. 597-610, 2016.

T. Vierbuchen, M. Wernig, “Molecular
roadblocks for cellular reprogramming,”
Molecules and Cells, vol. 47, no. 6, pp.
827-838, 2012.

J. Krauskopf, K. Eggermont, R. F. Madeiro
Da Costa, S. Bohler, D. Hauser, F.
Caiment, T. M. de Kok, C. Verfaillie, J.C.
Kleinjans, “Transcriptomics analysis of
human  iPSC-derived  dopaminergic
neurons reveals a novel model for sporadic
Parkinson’s disease,” Mol Psychiatry, vol.
27, no. 10, pp. 4355-4367, 2022.

E. E. Burke, J. G. Chenoweth, J. H. Shin,
L. Collado-Torres, S. K. Kim, N. Micali,
Y. Wang, C. Colantuoni, R. E. Straub, D.
J. Hoeppner, H. Y. Chen, A. Sellers, K.
Shibbani, G. R. Hamersky, M. Diaz
Bustamante, B. N. Phan, W. S. Ulrich, C.
Valencia, A. Jaishankar, A. J. Price, A.
Rajpurohit, S. A. Semick, R. W. Biirli, J. C.
Barrow, D. J. Hiler, S. C. Page, K.
Martinowich, T. M. Hyde, J. E. Kleinman,
K. F. Berman, J. A. Apud, A. J. Cross, N.
J. Brandon, D. R. Weinberger, B. J. Maher,
R. D. G. McKay, A. E. Jaffe, “Dissecting
transcriptomic  signatures of neuronal
differentiation and maturation using
1iPSCs,” Nature Communications, vol. 11,
no. 1, pp. 1-14, 2020.

Y. Xu, M. Zhang, W. Li, X. Zhu, X. Bao,
B. Qin, A. P. Hutchins, M. A. Esteban,
“Transcriptional control of somatic cell

reprogramming,” Trends in Cell Biology,
vol. 26, no. 4, pp. 272-288, 2016.

Y. Tanaka, E. Hysolli, J. Su, Y. Xiang, K.
Y. Kim, M. Zhong, Y. Li, K. Heydari, G.
Euskirchen, M. P. Snyder, X. Pan, S. M.
Weissman, [. H. Park, “Transcriptome
signature and regulation in human somatic
cell reprogramming,” Stem Cell Reports,
vol. 4, no. 6, pp. 1125-1139, 2015.



Sakarya University Journal of Science, 29(5) 2025, 522-538

[20] S. Masuda, J. Wu, T. Hishida, G. N.

[26]

Pandian, H. Sugiyama, J. C. Izpisua

Belmonte, “Chemically
pluripotent stem cells (CiPSCs):
transgene-free  approach,” Journal

induced
A
of

Molecular Cell Biology, vol. 5, no. 5, pp.

354-355, 2013.

[21]

Y. Li, Q. Zhang, X. Yin, W. Yang, Y. Du,

[27]

P. Hou, J. Ge, C. Liu, W. Zhang, X. Zhang,
Y. Wu, H. Li, K. Liu, C. Wu, Z. Song, Y.
Zhao, Y. Shi, H. Deng, “Generation of
iPSCs from mouse fibroblasts with a single

gene, Oct4, and small molecules,” Cell
Research, vol. 21, no. 1, pp. 196-204,

2010.

[22]

J. Guan, G. Wang, J. Wang, Z. Zhang, Y.

Fu, L. Cheng, G. Meng, Y. Lyu, J. Zhu, Y.
Li, Y. Wang, S. Liuyang, B. Liu, Z. Yang,
H. He, X. Zhong, Q. Chen, X. Zhang, S.

Sun, W. Lai, Y. Shi, L. Liu, L. Wang, C.
“Chemical

Li, S. Lu, H. Deng,

[28]

reprogramming of human somatic cells to
pluripotent stem cells,” Nature, vol. 605,

no. 7909, pp. 325-331, 2022.

[23]

I. Dorn, K. Klich, M. J. Arauzo-Bravo, M.

Radstaak, S. Santourlidis, F. Ghanjati, T. F.

Radke, O. E. Psathaki, G. Hargus, J.

[29]

Kramer, M. Einhaus, J. B. Kim, G. Kogler,
P. Wernet, H. R. Schoéler, P. Schlenke, H.

Zaehres,

“Erythroid differentiation of

human induced pluripotent stem cells is
independent of donor cell type of origin,”
Haematologica, vol. 100, no. 1, pp. 3241,

2015.

[24]

[30]

J. H. Lee, J. B. Lee, Z. Shapovalova, A.

Fiebig-Comyn, R. R. Mitchell, S. Laronde,
E. Szabo, Y. D. Benoit, M. Bhatia,
“Somatic transcriptome priming gates
lineage-specific differentiation potential of

human-induced pluripotent stem

cell

[31]

states,” Nature Communications, vol. 5,

no. 1, pp. 1-13, 2014.

[25]

The ENCODE Project Consortium, “An

integrated encyclopedia of DNA elements

in the human genome,” Nature, vol. 489,

no. 7414, pp. 57-74, 2012.

[32]

534

J. Chen, M. Lin, J. J. Foxe, E. Pedrosa, A.
Hrabovsky, R. Carroll, D. Zheng, H. M.
Lachman, “Transcriptome comparison of
human neurons generated using induced
pluripotent stem cells derived from dental
pulp and skin fibroblasts,” PLoS One, vol.
8, no. 10, p. 75682, 2013.

H. Zhang, C. Xue, R. Shah, K.
Bermingham, C. C. Hinkle, W. Li, A.
Rodrigues, J. Tabita-Martinez, J. S. Millar,
M. Cuchel, E. E. Pashos, Y. Liu, R. Yan,
W. Yang, S. J. Gosai, D. VanDorn, S. T.
Chou, B. D. Gregory, E. E. Morrisey, M.
Li, D. J. Rader, M. P. Reilly, “Functional
Analysis and Transcriptomic Profiling of
iPSC-Derived Macrophages and Their
Application in Modeling Mendelian
Disease,” Circulation Research, vol. 117,
no. 1, pp. 17-28, 2015.

L. E. Viiri, T. Rantapero, M. Kiamehr, A.
Alexanova, M. Oittinen, K. Viiri, H.
Niskanen, M. Nykter, M. U. Kaikkonen, K.
Aalto-Setala, “Extensive reprogramming
of the nascent transcriptome during iPSC to
hepatocyte  differentiation,”  Scientific
Reports, vol. 9, no. 1, pp. 1-12, 2019.

Y. Murase, Y. Yabuta, H. Ohta, C.
Yamashiro, T. Nakamura, T. Yamamoto,
M. Saitou, M, “Long-term expansion with
germline potential of human primordial
germ cell-like cells in vitro,” EMBO
Journal, vol. 39, no. 21, 2020.

Y. Benjamini, Y. Hochberg, “Controlling
the false discovery rate: A practical and
powerful approach to multiple testing,”
Journal of the Royal Statistical Society:
Series B (Methodological), vol. 57, no. 1,
pp- 289-300, 1995.

P. Bardou, J. Mariette, F. Escudié, C.
Djemiel, C. Klopp, “Jvenn: An interactive
Venn diagram viewer,” BMC

Bioinformatics, vol. 15, no. 1, pp. 1-7,
2014.

Y. Zhou, B. Zhou, L. Pache, M. Chang, A.
H. Khodabakhshi, O. Tanaseichuk, C.
Benner, S. K. Chanda, “Metascape



Zihni Onur Caligkaner

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

provides a biologist-oriented resource for
the analysis of systems-level datasets,”
Nature Communications, vol. 10, no. 1, pp.
1-10, 2019.

D. Tang, M. Chen, X. Huang, G. Zhang, L.
Zeng, G. Zhang, S. Wu, Y. Wang, “SRplot:
A free online platform for data
visualization and graphing,” PLoS One,
vol. 18, no. 11, p. €0294236, 2023.

Y. T. Zhao, M. Fasolino, Z. Zhou, “Locus-
and cell type-specific epigenetic switching
during  cellular  differentiation  in
mammals,” Frontiers in Biology, vol. 11,
no. 4, pp. 311-322, 2016.

H. Chen, J. Guo, S. K. Mishra, P. Robson,

M. Niranjan, J. Zheng, “Single-cell
transcriptional ~ analysis to  uncover
regulatory circuits driving cell fate

decisions in early mouse development,”
Bioinformatics, vol. 31, no. 7, pp. 1060—
1066, 2015.

S. Thiagalingam, “Epigenetic memory in
development and disease: Unraveling the
mechanism,” Biochimica et Biophysica
Acta (BBA) - Reviews on Cancer, vol.
1873, no. 2, p. 188349, 2020.

E. Hormanseder, “Epigenetic memory in
reprogramming,” Current Opinion in
Genetics and Development, vol. 70, pp.
24-31, 2021.

B. Nashun, P. W. Hill, P. Hajkova,
“Reprogramming of cell fate: Epigenetic
memory and the erasure of memories past,”
EMBO Journal, vol. 34, no. 10, pp. 1296—
1308, 2015.

Y. H. Lin, J. D. Lehle, J. R. McCarrey,
“Source cell-type epigenetic memory
persists in induced pluripotent cells but is
lost in subsequently derived germline

cells,” Frontiers in Cell and Developmental
Biology, vol. 12, p. 1306530, 2024.

J. Cerneckis, H. Cai, Y. Shi, “Induced
pluripotent stem cells (iPSCs): Molecular
mechanisms of induction and

535

[41]

[42]

[43]

[44]

[45]

applications,” Signal Transduction and
Targeted Therapy, vol. 9, no. 1, pp. 1-26,
2024.

L. Kang, C. Yao, A. Khodadadi-Jamayran,
W. Xu, R. Zhang, N. S. Banerjee, C. W.
Chang, L. T. Chow, T. Townes, K. Hu,
“The universal 3D3 antibody of human
PODXL is pluripotent cytotoxic, and
identifies a residual population after
extended differentiation of pluripotent
stem cells,” Stem Cells and Development,
vol. 25, no. 7, pp. 556-568, 2016.

W. J. Chen, W. K. Huang, S. R. Pather, W.
F. Chang, L. Y. Sung, H. C. Wu, M. Y.
Liao, C.C.Lee, H. H. Wu, C. Y. Wu, K. S.
Liao, C. Y. Lin, S. C. Yang, H. Lin, P. L.
Lai, C. H. Ng, C. M. Hu, L. C. Chen, C. H.
Chuang, C. Y. Lai, P. Y. Lin, Y. C. Lee, S.
C. Schuyler, A. Schambach, F. L. Lu, J. Lu,
“Podocalyxin-like protein 1 regulates
pluripotency through the cholesterol
biosynthesis pathway,” Advanced Science,
vol. 10, no. 1, p. 2205451, 2023.

T. Schaefer, C. Lengerke, “SOX2 protein
biochemistry in stemness, reprogramming,
and cancer: The PI3K/AKT/SOX2 axis and
beyond,” Oncogene, vol. 39, no. 2, pp.
278-292,2019.

S. Corti, R. Bonjean, T. Legier, D. Rattier,
C. Melon, P. Salin, E. A. Toso, M. Kyba,
L. Kerkerian-Le Goff, F. Maina, R. Dono,
“Enhanced differentiation of human
induced pluripotent stem cells toward the
midbrain dopaminergic neuron lineage
through GLYPICAN-4 downregulation,”
Stem Cells Translational Medicine, vol. 10,
no. 5, pp. 725-742, 2021.

H. M. Chang, N. J. Martinez, J. E.
Thornton, J. P. Hagan, K. D. Nguyen, R. I.
Gregory, “Trim71 cooperates with
microRNAs to repress Cdknla expression
and promote embryonic stem cell
proliferation,” Nature Communications,
vol. 3, no. 1, pp. 1-10, 2012.



Sakarya University Journal of Science, 29(5) 2025, 522-538

[46] K. A. Worringer, T. A. Rand, Y. Hayashi,
S. Sami, K. Takahashi, K. Tanabe, M.
Narita, D. Srivastava, S. Yamanaka, “The

let-7/LIN-41 pathway regulates
reprogramming to  human induced
pluripotent stem cells by controlling

expression of prodifferentiation genes,”
Cell Stem Cell, vol. 14, no. 1, pp. 40-52,

2014.

[47]

S. Bhattacharyya, R. D. Mote, J. W.

Freimer, M. Tiwari, S. Bansi Singh, S.
Arumugam, Y. V. Narayana, R. Rajan, D.

Subramanyam, D. et al,

“Cell—cell

adhesions in embryonic stem cells regulate
the stability and transcriptional activity of
B-catenin,” FEBS Letters, vol. 596, no. 13,

pp. 1647-1660, 2022.

[48]

T. Ye, J. Li, Z. Sun, D. Liu, B. Zeng, Q.
Zhao, J. Wang, H. R. Xing, “Cdhl

functions as an oncogene by inducing self-
renewal of lung cancer stem-like cells via

oncogenic  pathways,”

International

Journal of Biological Sciences, vol. 16, no.

3, pp. 447-459, 2020.

[49]

C. E. Aban, A. Lombardi, G. Neiman, M.

C. Biani, A. La Greca, A. Waisman, L. N.
Moro, G. Sevlever, S. Miriuka, C. Luzzani,

“Downregulation of E-cadherin

in

pluripotent stem cells triggers partial
EMT,” Scientific Reports, vol. 11, no. 1,

pp. 1-11, 2021.

[50] J. An, Y. Zheng,
“Mesenchymal to

C. T. Dann,
epithelial transition

mediated by CDH1 promotes spontaneous
reprogramming of male germline stem
cells to pluripotency,” Stem Cell Reports,

vol. 8, no. 2, pp. 446459, 2017.

[51]

L. Qiao, S. H. Dho, J. Y. Kim, L. K. Kim,

“SEPHSI is dispensable for pluripotency
maintenance but indispensable for cardiac
differentiation in mouse embryonic stem

cells,” Biochemical

and Biophysical

Research Communications, vol. 590, pp.

125-131, 2022.

536

[52]

[53]

[54]

[55]

[56]

[57]

R. C. B. Wong, S. Pollan, H. Fong, A.
Ibrahim, E. L. Smith, M. Ho, A. L. Laslett,
P. J. Donovan, “A novel role for an RNA
polymerase III Subunit POLR3G in
regulating  pluripotency in  human
embryonic stem cells,” Stem Cells, vol. 29,
no. 10, pp. 1517-1527, 2011.

R. J. Lund, N. Rahkonen, M. Malonzo, L.
Kauko, M. R. Emani, V. Kivinen, E.
Narvd, E. Kemppainen, A. Laiho, H.
Skottman, O. Hovatta, O. Rasool, M.
Nykter, H. Ldhdesmiki, R. Lahesmaa,
“RNA Polymerase III Subunit POLR3G
Regulates Specific Subsets of PolyA+ and
SmallRNA transcriptomes and splicing in
human pluripotent stem cells,” Stem Cell
Reports, vol. 8, no. 5, pp. 1442-1454,
2017.

R. P. Schneider, I. Garrobo, M. Foronda, J.
A. Palacios, R. M. Marion, 1. Flores, S.
Ortega, M. A. Blasco, “TRF1 is a stem cell
marker and is essential for the generation
of induced pluripotent stem cells,” Nature
Communications, vol. 4, no. 1, pp. 1-16,
2013.

R. M. Marién, J. J. Montero, I. Lopez de
Silanes, O. Grana-Castro, P. Martinez, S.
Schoeftner, J. A. Palacios-Fabrega, M. A.
Blasco, “TERRA regulate the
transcriptional landscape of pluripotent
cells through TRF1-dependent recruitment
of PRC2,” Elife, vol. 8, e44656, 2019.

Q. Liu, G. Wang, Y. Lyu, M. Bai, Z.
Jiapaer, W. Jia, T. Han, R. Weng, Y. Yang,
Y. Yu J. Kang, “The miR-
590/Acvr2a/Terfl axis regulates telomere
elongation and pluripotency of mouse
iPSCs,” Stem Cell Reports, vol. 11, no. 1,
pp. 88-101, 2018.

R. H. Klein, P. Y. Tung, P. Somanath, H. J.
Fehling, P. S. Knoepfler, “Genomic
functions of developmental pluripotency
associated factor 4 (Dppa4) in pluripotent
stem cells and cancer,” Stem Cell
Research, vol. 31, pp. 83-94, 2018.



Zihni Onur Caligkaner

[58]

[59]

[60]

[61]

[62]

[63]

[64]

R. H. Klein, P. S. Knoepfler, “DPPA2,
DPPA4, and other DPPA factor
epigenomic functions in cell fate and

cancer,” Stem Cell Reports, vol. 16, no. 12,
pp. 2844-2851, 2021.

P. Y. Tung, N. V. Varlakhanova, P. S.
Knoepfler, “Identification of DPPA4 and
DPPA2 as a novel family of pluripotency-
related oncogenes,” Stem Cells, vol. 31,
no. 11, pp. 2330-2342, 2013.

L. Morey, G. Pascual, L. Cozzuto, G.
Roma, A. Wutz, S. A. Benitah, L. Di
Croce, “Nonoverlapping functions of the
polycomb group Cbx family of proteins in
embryonic stem cells,” Cell Stem Cell, vol.
10, no. 1, pp. 47-62, 2012.

T. Barata, 1. Duarte, M. E. Futschik,
“Integration of stemness gene signatures
reveals core functional modules of stem
cells and potential novel stemness genes,”
Genes (Basel), vol. 14, no. 3, p. 745, 2023.

L. Chen, Q. Tong, X. Chen, P. Jiang, H.
Yu, Q. Zhao, L. Sun, C. Liu, B. Gu, Y.
Zheng, L. Fei, X. Jiang, W. Li, G. Volpe,
M. M. Abdul, G. Guo, J. Zhang, P. Qian,
Q. Sun, D. Neculai, M. A. Esteban, C. Li,
F. Wen, J. Ji, “PHCI maintains
pluripotency by organizing genome-wide
chromatin interactions of the WNanog
locus,” Nature Communications, vol. 12,
no. 1, pp. 1-13, 2021.

W. Zhao, M. Liu, H. Ji, Y. Zhu, C. Wang,
Y. Huang, X. Ma, G. Xing, Y. Xia, Q.
Jiang, J. Qin, “The polycomb group protein
Yaf2 regulates the pluripotency of
embryonic stem cells in a phosphorylation-
dependent manner,” The Journal of
Biological Chemistry, vol. 293, no. 33, p.
12793, 2018.

Q. Zhou, Y. Lei, “ARMCX3 regulates
ROS signaling, affects neural
differentiation and inflammatory

microenvironment in dental pulp stem
cells,” Heliyon, vol. 10, no. 17, 2024.

[65]

[66]

[67]

[68]

[69]

[70]

537

S. Mirra, F. Ulloa, I. Gutierrez-Vallejo, E.
Marti, E. Soriano, “Function of Armcx3
and Armc10/SVH genes in the regulation
of progenitor proliferation and neural
differentiation in the chicken spinal cord,”
Frontiers in Cellular Neuroscience, vol. 10,
no. MAR2016, p. 168336, 2016.

Z. Guo, M. Chen, Y. Chao, C. Cai, L. Liu,
L. Zhao, L. Li, Q. R. Bai, Y. Xu, W. Niu,
L. Shi, Y. Bi, D. Ren, F. Yuan, S. Shi, Q.
Zeng, K. Han, Y. Shi, S. Bian, G. He,
“RGCC balances self-renewal and
neuronal differentiation of neural stem
cells in the developing mammalian
neocortex,” EMBO Reports, vol. 22, no. 9,
2021.

K. Mulfaul, J. C. Giacalone, A. P. Voigt,
M. J. Riker, D. Ochoa, I. C. Han, E. M.
Stone, R. F. Mullins, B. A. Tucker,
“Stepwise differentiation and functional
characterization of human induced
pluripotent stem cell-derived choroidal
endothelial cells,” Stem Cell Research and
Therapy, vol. 11, no. 1, pp. 1-10, 2020.

Y. A. Wang, R. Neff, W. M. Song, X.
Zhou, S. Vatansever, M. J. Walsh, S. H.
Chen, B. Zhang, “Multi-omics-based
analysis of high grade serous ovarian
cancer subtypes reveals distinct molecular
processes linked to patient prognosis,”
FEBS Open Bio, vol. 13, no. 4, pp. 617—
637,2023.

T. Ishida, S. Nakao, T. Ueyama, Y. Harada,
T. Kawamura, T, “Metabolic remodeling
during somatic cell reprogramming to
induced  pluripotent stem cells:
involvement of hypoxia-inducible factor
1,” Inflammation and Regeneration, vol.
40, no. 8, 2020.

J. B. Su, D. Q. Pei, B. M. Qin, “Roles of
small molecules in somatic cell

reprogramming,” Acta Pharmacologica
Sinica, vol. 34, no. 6, pp. 719-724, 2013.



Sakarya University Journal of Science, 29(5) 2025, 522-538

[71]

[72]

[73]

[74]

[75]

[76]

[77]

F. Schréter, J. Adjaye, “The proteasome
complex and the maintenance of
pluripotency: Sustain the fate by mopping
up?” Stem Cell Research and Therapy, vol.
5,no. 1, p. 24, 2014.

M. Bax, J. McKenna, D. Do-Ha, C. H.
Stevens, S. Higginbottom, R. Balez, M. E.
C. Cabral-da-Silva, N. E. Farrawell, M.
Engel, P. Poronnik, J. J. Yerbury, D. N.
Saunders, L. Ooi, “The ubiquitin
proteasome system is a key regulator of
pluripotent stem cell survival and motor
neuron differentiation,” Cells, vol. 8, no. 6,
p. 581, 2019.

E. Aleo, C. J. Henderson, A. Fontanini, B.
Solazzo, C. Brancolini, “Identification of
new compounds that trigger apoptosome-
independent caspase activation and
apoptosis,” Cancer Research, vol. 66, no.
18, pp. 9235-9244, 2006.

T. D. Lebedev, E. R. Vagapova, V. S.
Prassolov, “The different impact of ERK
inhibition on neuroblastoma, astrocytoma,
and rhabdomyosarcoma cell
differentiation,” Acta Naturae, vol. 13, no.
4, pp. 69-77, 2021.

J. K. Kim, L. G. Villa-Diaz, T. L. Saunders,
R. P. Saul, S. Timilsina, F. Liu, Y. Mishina,
P. H. Krebsbach, “Selective inhibition of
mTORC1  signaling  supports  the
development and  maintenance  of
pluripotency,” Stem Cells, vol. 42, no. 1,
pp. 13-28, 2024.

H. Kobayashi, H. Nishimura, N. Kudo, H.
Osada, M. Yoshida, “A novel GSK3
inhibitor that promotes self-renewal in
mouse embryonic stem cells,” Bioscience,
Biotechnology, and Biochemistry, vol. 84,
no. 10, pp. 2113-2120, 2020.

Y. Wu, Z. Ai, K. Yao, L. Cao, J. Du, X.
Shi, Z. Guo, Y. Zhang, “CHIR99021
promotes  self-renewal  of  mouse
embryonic stem cells by modulation of
protein-encoding gene and long intergenic
non-coding RNA
expression,” Experimental Cell

538

Research, vol. 379, vol. 17, pp. 2684—
2699, 2013.

[78] N. Sato, L. Meijer, L. Skaltsounis, P.

Greengard, A. H. Brivanlou, “Maintenance
of pluripotency in human and mouse
embryonic stem cells through activation of
Wnt signaling by a pharmacological GSK-
3-specific inhibitor,” Nature Medicine, vol
10, no. 1, pp. 55-63, 2004.



	References

