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Abstract
Derivation of induced Pluripotent Stem Cells (iPSCs) by reprogramming somatic cells to a pluripotent state has revolutionized
stem cell research. Ensuing this, various groups have used genetic and non-genetic approaches to generate iPSCs from numerous
cell types. However, achieving a pluripotent state in most of the reprogramming studies is marred by serious limitations such as
low reprogramming efficiency and slow kinetics. These limitations are mainly due to the presence of potent barriers that exist
during reprogramming when a mature cell is coaxed to achieve a pluripotent state. Several studies have revealed that intrinsic
factors such as non-optimal stoichiometry of reprogramming factors, specific signaling pathways, cellular senescence,
pluripotency-inhibiting transcription factors and microRNAs act as a roadblock. In addition, the epigenetic state of somatic cells
and specific epigenetic modifications that occur during reprogramming also remarkably impede the generation of iPSCs. In this
review, we present a comprehensive overview of the barriers that inhibit reprogramming and the understanding of which will
pave the way to develop safe strategies for efficient reprogramming.
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Introduction

The groundbreaking discovery of induced Pluripotent Stem
Cells (iPSCs) that resemble Embryonic Stem Cells (ESCs)
has brought with it a wave of new possibilities for its suitabil-
ity in various biomedical applications [1]. iPSCs have tremen-
dous potential in developmental and disease biology, drug
screening and toxicity testing, and personalized regenerative

medicine [2–5]. To date, several groups have generated iPSCs
by ectopic expression of reprogramming factors in numerous
cell types isolated from healthy and diseased subjects using
integrating and non-integrating approaches [3, 5–12]. Studies
have also demonstrated that iPSCs can be derived successfully
without the ectopic expression and integration of transgenes
into the genome of target cells [2, 5, 8, 11]. However, the
majority of these studies have not been able to address the
issues related to poor reprogramming efficiency and/or
prolonged kinetics. These major issues render cell fate manip-
ulation highly inefficient and time-consuming [5, 10]. Here,
we present a comprehensive insight into various
reprogramming roadblocks that contribute to inefficient
iPSC formation (Fig. 1).

Stoichiometry of Core Reprogramming Transcription
Factors

Transcription factors recognize specific short DNA sequences
and influence transcription either positively or negatively to
regulate gene expression. Numerous studies have demonstrat-
ed that transcription factors Oct4 (O), Sox2 (S), Klf4 (K) and
c-Myc (C) (collectively called OSKM; also known as
Yamanaka factors) act as core reprogramming factors and
are crucial regulators for induction and maintenance of
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pluripotent stem cell identity [1, 13]. Considering Yamanaka
factor-based cell reprogramming, a balanced stoichiometric
and temporal requirements are crucial for optimal expression
of these four factors for efficient induction and maintenance of
pluripotency [14–16]. Importantly, the stoichiometry of these
transcription factors markedly influences the molecular char-
acteristics [16], the epigenetic status [17], and the biological
properties [16, 17] of iPSCs.

Among the Yamanaka factors, the dosage of master regu-
lator Oct4 is critical during reprogramming as the expression
level of this factor decides the fate of the somatic cell: either to
drive the cells to a different lineage or to prepare it for induc-
tion of pluripotency [15, 16, 18]. To demonstrate this, an in-
teresting study was performed to determine the optimal levels
of Oct4 required for efficient reprogramming [15]. The study
found that increasing the relative expression of Oct4 up to
three-fold, while maintaining moderate expression levels of
the other three transcription factors (Sox2, Klf4 and c-Myc),
enhanced the reprogramming efficiency [15]. A similar obser-
vation was made where a stoichiometric ratio of high Oct4
levels over the other three factors resulted in the highest
reprogramming efficiency [16]. Even though low expression
levels of Oct4 is ideal to maintain a robust pluripotency in
ESCs [19], its high expression is required to induce
pluripotency in somatic cells [15, 16]. Further, the study also

showed that high levels of Oct4 and c-Myc expression over
the other two factors were also beneficial for efficient
reprogramming [16]. The role of c-Myc could be to facilitate
an ESC-like transcription profile and repression of the somatic
cell gene expression program in the target cells during the
initial phase of reprogramming [14]. Interestingly, more than
a three-fold increase or relative decrease in Oct4 than moder-
ate levels had a negative effect on reprogramming [15]. A
significant increase in Oct4 expression above the threshold
could have a detrimental effect on reprogramming due to the
deviation in its function from the self-reinforcing
autoregulatory loop (Oct4/Sox2/Klf4) to target specific pro-
moters of other genes that promote cell differentiation [18,
20].

Recently, Wen and colleagues reported a significant in-
crease in reprogramming efficiency by fine-tuning the expres-
sion of reprogramming factors [21]. In this study, the authors
showed that equimolar expression of Oct4 and Sox2 and a
higher and gradual increase in expression of c-Myc compared
to Klf4 during reprogramming resulted in higher efficiency.
Further, two independent studies demonstrated that high ex-
pression of Oct4 and Klf4 in combination with moderate-to-
low expression of Sox2 and c-Myc could result in quality
iPSCs [17, 22] with high reprogramming efficiency [22].
iPSCs generated with this stoichiometric ratio efficiently

Fig. 1 Reprogramming
roadblocks that prevent the
efficient generation of iPSCs. The
figure shows various
reprogramming roadblocks that
have been identified in mouse and
human cells that restrict or
impede the formation of iPSCs.
Tcf3: T-cell factor 3; Bright: B-
cell regulator of immunoglobulin
heavy chain transcription; Tgf-β:
transforming growth factor-β;
Bmp: bone morphogenetic
protein; CME: clathrin-mediated
endocytosis; UPP: ubiquitin-
proteasome pathway
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formed “all-iPSC mice” by tetraploid (4n) complementation,
retained standard imprinting at the Dlk1-Dio3 locus and did
not develop mice with tumors [17]. Moreover, another study
reported that the optimal stoichiometric ratio having Oct4-
high, Sox2-low, Klf4-high and c-Myc-high expression was
the most efficient for the generation of iPSCs, primarily be-
cause this optimal ratio elevated expression of key members
of the G protein-coupled receptor pathway (especially CCL2)
and an epigenetic modifier, Whsc1l1 (variant 1) [23].
Interestingly, low Sox2 expression with moderate levels of
Oct4, Klf4 and in the absence of c-Myc resulted in the gener-
ation of fully reprogrammed quality iPSCs [24]. Inclusion of
c-Myc in this cocktail gave rise to numerous partially
reprogrammed colonies, whereas its exclusion resulted in its
conversion to fully reprogrammed iPSCs [24]. Cumulative
results of this and the above studies clearly indicate that the
stoichiometry of core reprogramming factors is critical for the
efficient generation of quality iPSCs.

The differences in the studies mentioned above regarding
the requirement of the expression levels of Yamanaka factors
for efficient reprogramming may be due to different starting
cell types, vectors and their design, and experimental condi-
tions used for reprogramming (Table 1). Moreover, the con-
tinuous residual expression of reprogramming transgenes dur-
ing the later stage averts iPSCs from attaining the transcrip-
tional profile and the epigenetic signatures exhibited by ESCs
[25]. Therefore, identifying and maintaining the optimal stoi-
chiometric expression of the reprogramming factors during
the entire process is critical to manipulate a somatic cell to
attain and maintain their full pluripotency efficiently.

Transcription Factors

Transcription factors play a crucial role in the induction and
maintenance of pluripotency in mouse and human cells [1, 13,
26]. On the contrary, expression of specific transcription fac-
tors can either decrease the reprogramming efficiency or even
block the reprogramming process. Few major transcription
factors are discussed below that negatively affect iPSC
generation.

c-Jun

c-Jun is one of the important member of the AP-1 transcription
factor complex. It was the first proto-oncogene to be identified
as a transcription factor and plays a vital role in cell growth,
proliferation, differentiation, apoptosis and cancer [27]. c-Jun-
deficient mice do not develop and die at mid- to late-gestation,
signifying that it is essential for proper development [28].
Unlike c-Myc, expression of c-Jun is absent in ESCs and
therefore ESCs lacking c-Jun can self-renew and have a nor-
mal in vitro differentiation ability [28, 29]. Previous and recent
studies have reported that c-Jun is expressed in fibroblasts and

is essential for its proliferation by facilitating G1 to S phase
progression [29, 30].

Despite being an oncogene and also reported to enhance
proliferation of fibroblasts, c-Jun completely blocked, rather
than promoted, reprogramming of mouse embryonic fibro-
blasts (MEFs) to iPSCs [29]. Mechanistically, c-Jun main-
tained repression of the pluripotency-associated genes, acti-
vated mesenchymal-related genes and inhibited the crucial
mesenchymal-to-epithelial transition (MET) process [29],
the latter is a primary step during the early stage of
reprogramming [31, 32]. Further, c-Jun blocked the genera-
tion of mouse iPSCs by disrupting chromatin dynamics [33].
Moreover, its overexpression inhibited reprogramming [33],
whereas, its downregulation resulted in enhanced efficiency
and accelerated the reprogramming process [29]. These results
clearly indicate that c-Jun safeguards somatic cell identity and
act as a potent roadblock to iPSC generation.

T-cell Factor 3 (Tcf3)

T-cell factor (Tcf) family of proteins [Four mammalian iso-
forms: Tcf1 (Tcf7), Lef-1, Tcf3 (Tcf7L1) and Tcf4 (Tcf712)]
are key constituents of the Wnt-canonical pathway [34]. Out
of these four, transcription factor Tcf3 is the frequently
expressed isoform in ESCs [35, 36], and functions as a tran-
scriptional repressor in ESCs [35, 37, 38]. Recently, it has
been reported that depletion of Tcf3 maintained the robust
self-renewal of mouse ESCs and established naïve ground
state pluripotency in these cells [39]. Expression of Tcf3 in
ESCs prevented excessive transcription of pluripotency genes
and maintained their steady state levels sufficient for self-
renewal and pluripotency [35, 37, 38].

Earlier, Tcf3 has been identified as a negative regulator
of reprogramming [36]. In this study, genetic ablation of
this gene in neuronal precursor cells strongly augmented
the reprogramming efficiency, attributing to the global
epigenome modifications that resulted in an open and
transcriptionally active chromatin structure [36]. These
alterations in the epigenome was shown by an increase
in acetylated histone 3 (AcH3), a slight increase in
H3K4me3 and a decrease in H3K9me3 levels during the
early stage of reprogramming [36]. Interestingly, this phe-
nomenon was observed long before the initiation of ex-
pression of endogenous pluripotency genes. Furthermore,
its expression in neuronal precursor cells repressed OK-
induced reprogramming [36], most likely by inducing het-
erochromatin formation and global repression of tran-
scription [35–37]. Interestingly, a new reprogramming
study demonstrated the role of Tcf3 to be stage-specific
[40]. The authors showed that depletion of endogenous
Tcf3 inhibited the early stage but was essential for the
later stage of reprogramming [40].
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Bright/ARID3A

The gene Bright (B-cell regulator of immunoglobulin heavy
chain transcription; human orthologue ARID3A) is a key
member of ARID family of transcription factors implicated
in chromatin remodeling [41]. This transcription factor is es-
sential for development of B cell and hematopoietic stem cell
differentiation during early embryonic development [42]. This
study demonstrated that more than 99% Bright-deficient em-
bryos did not survive due to failure in hematopoiesis, and the
rare survivors exhibited hematopoietic stem cell deficiency in
their bone-marrow and also developmental and functional de-
ficiencies of the B-lineage. Moreover, depletion of Bright/
ARID3A resulted in the expression of pluripotency-
associated markers and promoted developmental plasticity in
both mouse and human cells [43].

The observation that depletion of Bright/ARID3A exhibit-
ed developmental plasticity prompted Papowski and co-
workers to investigate this in a reprogramming setup. The
authors established that genetic ablation of Bright from
MEFs spontaneously directed these cells towards a
pluripotent-like state [44]. Further, they established that this
gene was involved in transcriptional repression of crucial
pluripotency-associated regulators Oct4, Sox2 and Nanog by
directly binding to the promoter regions of these genes [44].
The authors put forward three reasons by which loss of Bright
functions to induce pluripotency in MEF cells [44]. First, in
the absence of this gene, the cells circumvented the senes-
cence program, and this contributed to somatic self-renewal.
Next, Bright-deficient MEFs and murine ESCs led to direct
derepression of key pluripotency genes. Finally, deletion of
this gene in MEFs might disrupt the signaling pathways that
antagonize pluripotency and thereby induce dedifferentiation.

Other Transcription Factors

Similarly, Gata4 [45], Zfp281 [46] and Patz1 [47] were also
reported to inhibit somatic cell reprogramming.

Gata4 blocked somatic cell reprogramming by binding to
the conserved region located 9 kb upstream of the Nanog gene
[45]. This resulted in downregulation of expression of this
core pluripotency factor Nanog [45], vital for the generation
bona fide iPSCs [48, 49]. On the other hand, downregulation
of Gata4 by short hairpin RNAs in MEF cells resulted in
enhanced reprogramming efficiency with faster kinetics due
to the elevated expression levels of endogenous Nanog [45].
In contrast, a study recently showed that master regulator Oct4
can be replaced by any Gata member (Gata 1-6) to induce
reprogramming by suppressing ectodermal lineage markers
[50]. These Gata members promoted reprogramming by acti-
vating Sall4, an important member of the pluripotency net-
work [50]. Therefore, further detailed investigation is required
to explore the role of Gata members in iPSC formation.

Further, like Gata4 [45], a transcriptional repressor Zfp281
was also reported to repress Nanog [46]. Zfp281 recruited the
Nucleosome remodeling and deacetylase (NuRD) complex
onto the Nanog locus to impede somatic cell reprogramming
[46]. The NuRD complex has histone deacetylase (HDAC)
function [51, 52], whose inhibition by a HDAC inhibitor,
greatly enhanced iPSC formation [53]. Therefore, the re-
searchers then depleted Zfp281 and showed that its depletion
facilitated the transition from pre-iPSCs to iPSCs through up-
regulation of endogenous Nanog [46], the upregulation of the
latter is essential to attain a pluripotent ground state [54, 55].

One more transcription factor that has been reported to play
an inhibitory role in iPSC formation is Patz1. Inclusion of this
gene in the Yamanaka cocktail of transcription factors signif-
icantly decreased the reprogramming efficiency, whereas its
depletion in MEFs resulted in enhanced efficiency [47]. The
authors showed that heterozygous loss of Patz1 in MEFs can
overcome the senescence roadblock of Ink4a/Arf locus to pro-
mote reprogramming. In addition, Patz1-depleted MEFs ex-
hibited increased levels of active marks such as H3K4me2,
H3K4me3, H3K36me3, acetylated histone H3, and decreased
levels of heterochromatin protein 1α and a repressive mark
H3K9me3, indicating that its depletion resulted in a globally
open chromatin structure easily accessible for transcriptional
activation [47].

In addition to these, other transcription factors that act as
reprogramming roadblocks were also identified by
performing knockdown experiments but their biological func-
tion from a reprogramming perspective is not yet investigated
(Table 2). In conclusion, suppression of somatic and/or
pluripotency-inhibiting transcription factors can eliminate a
potent roadblock for an efficient iPSC generation.

Signaling Pathways

Numerous studies have shown that signaling pathways are
critical for the induction and maintenance of stem cell
pluripotency network. On the contrary, activation of specific
signaling pathways during reprogramming is also reported to
prevent induction and maintenance of pluripotency; and at a
later stage, it may direct these cells from naïve to attain a
primed state making them susceptible to differentiation.
Therefore, inhibition of these signaling pathways is essential
to promote cellular reprogramming.

Tgf-β Signaling Pathway

Tgf-β is a potent inducer of epithelial-to-mesenchymal tran-
sition (EMT) signals in specific cells [32]. Inhibition of the
same promoted both early [31, 32, 61, 62] and late [63] phase
of reprogramming. At an early stage, activation of Tgf-β sig-
naling blocked the reprogramming by preventing the cells
from undergoing MET and promoting pro-EMT signals [31,
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32, 61, 62]. At a later stage, this signaling prevented the ac-
complishment of final pluripotency by trapping stable inter-
mediate cells in a partially reprogrammed state [63].
Therefore, inhibition of this signaling at a later stage resulted
in enhanced expression of Nanog that helped the cells to attain
full pluripotency [63]. Further, Stadtfeld and colleagues
established that inhibition of Tgf-β signaling with concurrent
activation of Wnt/β-catenin in the presence of an antioxidant
resulted in highly efficient (>80%) and non-stochastic acqui-
sition of pluripotency in mouse fibroblasts [64]. Notably,
blood progenitors were also reported to form iPSCs with a
100% efficiency by suppression of Tgf-β signaling or canon-
ical Wnt activation [64]. Importantly, inhibition of this signal-
ing pathway is sufficient to induce pluripotency in differenti-
ated cells without the requirement of exogenous pluripotency-
inducing factors, Sox2 [61, 63] or c-Myc [61]. Further, in
combination with a protein arginine methyltransferase inhibi-
tor AMI-5, it enabled reprogramming ofMEF cells transduced
with Oct4 alone [65]. Therefore, inhibition of Tgf-β signaling
is essential to induce faithful reprogramming with minimal
reprogramming factors.

Hippo Signaling

The Hippo signaling pathway function as a crossroad between
cell specification and pluripotent reprogramming of somatic
cells. This is a highly conserved signaling pathway that

regulates growth with two main downstream effectors, Yap
and its paralog Taz [66, 67]. Yap and Taz are transcriptional
coactivators and are highly expressed during early embryonic
development [66].

Interestingly, Yap and Taz have distinct functions in mouse
and human cells. YAP plays a vital role in regulating the self-
renewal of mouse ESCs [68] and enhance the formation of
mouse iPSCs [69], but has no role in the self-renewal of hu-
man ESCs [70] or in the generation of human iPSCs [71]. On
the contrary, TAZ regulates the self-renewal of human ESCs
[72] and also promotes the generation of human iPSCs [71],
playing no role in the self-renewal of mouse ESCs [72]. This
could be because of the different signaling pathways involved
in the regulation of pluripotency between mouse and human
pluripotent stem cells.

Both these potent transcriptional coactivators, Yap and
Taz, are negatively regulated by a tumor suppressor ki-
nase Lats2 [71]. Lats2 is an important member of the
Hippo signaling pathway and is expressed in primordial
germ cells, but not in germ cell tumors and pluripotent
stem cells [71]. Activated Lats2 was reported to phos-
phorylate both Yap and Taz, which resulted in their cyto-
plasmic retention and protein degradation [73]. Moreover,
Lats2 was shown to antagonize reprogramming of human
fibroblasts by suppression of Taz, whereas downregula-
tion of Lats2 resulted in improvement in the generation
of iPSCs [71]. This indicates that Lats2, an important

Table 2 Other transcription factors identified as reprogramming barriers in various studies

Study Cell type Other transcription factors identified as reprogramming barriers

Mikkelsen et al. [56] MCV6# Endodermal transcription factors: Gata6, Pax7, Pax3, Sox9

Qin et al. [57] human BJ fibroblasts Transcription Termination Factor: TTF1 and TTF2
Other families: TMF1, T

Chronis et al. [58] MEF AP-1-family members: c-Jun*, Fosl1 (Fra1)
RUNX-family members: Runx1
C/EBP family members: Cebpa and Cebpb

Knaupp et al. [59] MEF AP-1-family members: c-Fos, Fosb
C/EBP family member: Cepbp

Li et al. [33] MEF AP-1-family members: c-Jun*, c-Fos, Fosl1 (Fra1) and Fosl2 (Fra2)
ETS-family member: Ets1
TEAD-family member: Tead3
RUNX-family members: Runx1 and Runx2
MADS-family member: Mef2c

MEF mouse embryonic fibroblasts; TTF transcription termination factor 1; TMF1 TATA element modulatory factor 1; AP-1 activator protein 1; RUNX
runt-related transcription factor; CEPB CCAAT-enhancer-binding protein; ETS e26 transformation-specific; TEAD transcriptional enhanced associate
domain; MADS mcm1-agamous-deficiens-srf
# Partially reprogrammed cell line (Meissner et al., 2007) [60]

Transcription factors highlighted in bold are reprogramming barriers identified in various studies but are either not investigated in detail or not discussed
in the text section of this review

*Discussed earlier in the text
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member of the Hippo pathway, acts as a barrier to iPSC
generation.

In addition, Hippo signaling pathway is shown to negative-
ly regulateWnt/β-catenin pathway [74, 75]. This is a common
signaling pathway for self-renewal and maintenance of
pluripotency in mouse and human pluripotent stem cells
[76–78] as well as for the induction of pluripotency in somatic
cells [79, 80]. To conclude, Hippo pathway is a negative reg-
ulator for the induction of pluripotency, and suppression of
this pathway may alleviate a major roadblock to efficient
reprogramming.

Protein Kinase Signaling

Different kinases have been reported to influence the
reprogramming process negatively. Silva and colleagues dem-
onstrated that iPSCs with an authentic naïve pluripotent state
could be generated by reprogramming neural stem cells by
using only two reprogramming factors, Oct4 and Klf4, and
by dual inhibition of kinases namely, glycogen kinase 3
(GSK3) and mitogen-activated protein kinase/extracellular
signal-regulated kinases 1 and 2 (MEK/ERK) [81].
Inhibition of GSK3 signaling was also shown to induce
reprogramming in MEF cells transduced with only two fac-
tors, Oct4 and Klf4 [82]. Further, its inhibition in combination
with Tranylcypromine, an inhibitor of lysine-specific
demethylase 1 (LSD1) was reported to reprogram human pri-
mary keratinocytes transduced only with Oct4 and Klf4 [82].
Li and Rana performed a kinase inhibitor screen in MEF cells
and identified kinases such as Aurora A kinase, inositol tri-
phosphate 3-kinase, p38 mitogen-activated protein kinase and
activin receptor-like kinase 4/5 that represented as a barrier to
cell reprogramming, and showed that inhibition of these ki-
nases led to improved iPSC formation [83]. On the contrary,
another recent report by Lako and group showed that down-
regulation of p38 mitogen-activated protein kinase in human
fibroblasts via small molecules or RNA interference led to
shunting of cell cycle regulators followed by G1 arrest in the
initial stage of reprogramming [84]. This caused significant
decrease in pluripotency markers, abrogation of MET and
increase in differentiation markers, halting the reprogramming
process in a partially reprogrammed state. This discrepancy in
the outcomes could be because of the differential role of
mitogen-activated protein kinase signaling in the regulation
of self-renewal and pluripotency in mouse [85] and human
[86] pluripotent stem cells. Importantly, other studies also re-
ported inhibition of kinases such as Rho-associated protein
kinase [87], protein kinase C [88] and Src family tyrosine
kinase [89] to demonstrate enhancement in iPSC formation.
These studies suggest that the inclusion of various molecules
targeting these barrier kinases will alleviate the roadblock to
generate iPSCs with high efficiency.

BMP Signaling

BMP signaling plays a crucial role in early embryonic pattern-
ing [90] and lineage specification either towards trophoblast
[91] or mesoderm [92, 93] in ESCs. Interestingly, this signal-
ing has a controversial role during the reprogramming of fi-
broblasts to iPSCs [32, 94]. Hamasaki and co-workers tried to
derive iPSCs from the human dermal fibroblasts of patients
with fibrodysplasia ossificans progressiva that carried a mis-
sense mutation in ACVR1 [617G > A (R206H)] resulting in
hyperactivation of the BMP signaling pathway [95].
However, the researchers achieved little success as they got
only a few undifferentiated ESC-like colonies and many dif-
ferentiated colonies due to incomplete reprogramming. This
result suggested that BMP signaling negatively affects hiPSC
derivation as well as their self-renewal. Surprisingly, a sepa-
rate study reported a contradictory outcome showing a posi-
tive effect of BMP signaling during the initial phase of human
iPSC formation by reprogramming human dermal fibroblasts
from patients with the same disease [96]. Interestingly, Wrana
lab demonstrated that BMP-dependent induction of
microRNAs miR-205 and miR-200 family facilitated the gen-
eration of mouse iPSCs due to the promotion of MET process
[32], which is an essential process during the early stage of
reprogramming [31, 32]. However, it was also reported that
during reprogramming many colonies having an ESC-like
morphology, termed as “pre-iPSCs”, are devoid of the activa-
tion of the endogenous locus encoding Oct4 and Nanog [14,
56, 81, 94]. This is mainly due to BMP signaling that arrested
reprogramming, and maintained intermediates at the pre-iPSC
state [94, 97]. Moreover, it has also been reported that BMP4
promoted mesodermal commitment by inducing EMT [93],
which is also in contradiction with its role during
reprogramming [32]. This discrepancy could be due to the
concentration- and time-dependent effects of BMPs on
reprogramming resulting in different outcomes [97]. In gener-
al, these studies indicate that the role of BMP signaling in a
cell reprogramming paradigm could be inhibitory, but is con-
troversial due to conflicting reports and therefore requires fur-
ther investigation.

Senescence

Senescence serves as another major barrier to cellular
reprogramming as cells lose the capacity to proliferate and
divide [98]. It occurs as a result of oxidative stress, DNA
damage, telomere shortening and the derepression of Ink4a/
Arf locus by chromatin remodeling in somatic cells (Fig. 2)
[99].

Cells with short telomeres are indicative of damaged/
uncapped telomeres; therefore, these cells cannot be efficient-
ly reprogrammed into iPSCs despite having normal cell pro-
liferation rates [100]. On the other hand, somatic cells having
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high replicative potential with longer telomeres (observed in
low passage or young donor somatic cells) are easy to repro-
gram due to low expression of major senescence regulators
[98]. The generation of oxidative stress is one of the leading
causes of DNA damage and this leads to upregulation of p53
and p21Cip1 [99] . Addi t ional ly, in t roduct ion of
reprogramming factors in fibroblasts promoted DNA damage,
and the activation of the DNA damage response machinery
resulted in the induction of p53 and its downstream target
gene p21 during reprogramming [101–104], eventually lead-
ing to p53-p21-dependent cell cycle arrest or apoptosis [105].
Therefore, depletion or deletion of p53 facilitated efficient
reprogramming of mouse and human iPSC formation [98,
101–103, 106–109], but the generated iPSCs sustained shorter
telomeres and chromosomal aberrations [98, 101, 105].
Together, these studies conclude that the p53-p21 pathway is
a determinant of reprogramming kinetics and efficiency.
Interestingly, Jaenisch and co-workers showed that the deple-
tion of this pathway resulted in enhanced proliferation which
dramatically improved the reprogramming kinetics without

having any effect on the efficiency in the model system they
examined [110]. However, a permanent deletion or strong
long-term inhibition of p53 will generate lower quality
iPSCs due to severe genomic instability, and therefore will
increase the chances of malignant transformation [98,
101–103, 107–109]. The presence of genomic instability has
raised safety issues and can hinder the progress of iPSC-based
therapeutic applications [111, 112].

To overcome this serious concern, employing temporary
inhibition of p53 using a small molecule only for a specific
duration during reprogramming [113] will be a more suitable
strategy to derive genetically stable iPSCs. Further, inclusion
of transcription factors such as Zscan4 or Zscan10 in a non-
genetic form could also prevent genomic instability [104, 114,
115], inhibit p53 expression and maintain genetic stability of
the derived iPSCs [104, 115]. Alternatively, overexpression of
a physiological inhibitory p53 isoformΔ133p53 that lacks the
N- te rmina l 132 amino ac ids promoted ce l lu la r
reprogramming of human fibroblasts to a pluripotent state
by regulating p53-inducible senescence genes [109].

Fig. 2 Senescence as a critical barrier to prevent the efficient derivation of
iPSCs. In young donor cells, DNADamage Response (DDR) is triggered
by oxidative stress via the generation of reactive oxygen species (ROS),
reprogramming-induced senescence (RIS) and aberrant DNA replication;
whereas in aged donor cells, DDR is triggered via mitochondrial
dysfunction along with ROS generation, RIS, deficiency in DNA repair
mechanism and replicative senescence (telomere shortening). DDR in
both young and aged donor somatic cells are regulated through two
major pathways, namely p14/p19Arf and p16Ink4a pathway. The p14/
p19Arf leads to the activation of p53, followed by the activation of its
downstream cyclin-dependent kinase inhibitor p21Cip/Waf1. This inhibits

Cyclin E/Cdk2 complex, thus preventing the phosphorylation of
retinoblastoma (Rb) protein, leading to its activation. Similarly, the
p16Ink4a pathway inhibits Cyclin D/Cdk4/6 complex, following the
downstream activation of Rb. Active Rb causes cell cycle arrest by
prohibiting cells from entering S-phase, thus acting as a potent barrier.
In addition, the aged donor cells are already in a pre-senescent or
senescent stage with a functional senescent network. Upon induction of
the reprogramming process, the expression of senescent regulators in
aged donor cells is augmented, making the reprogramming even more
difficult in comparison to young donor cells
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Strikingly, Δ133p53 repressed the expression of p53-
inducible senescence genes but did not alter the expression
of p53-inducible apoptosis and DNA damage repair genes
[109]. Therefore, overexpression of this isoform may over-
come the p53 reprogramming barrier without affecting the
genomic stability. Also, using specific target cell types having
low protein expression levels of p53/p21 will be ideal for
reprogramming. For example, keratinocytes exhibit reduced
p53 and p21 protein expression levels than commonly used
fibroblasts [101]. Therefore, this could be one major reason
why this particular cell type gave a 100-fold higher
reprogramming efficiency and two-fold faster reprogramming
kinetics when compared to fibroblasts [116].

In addition, the other major senescence regulators namely
the Ink4a/Arf locus [98, 103, 107] and its two constituents
p19Arf [98, 107] and p16Ink4a [103, 107] have been reported
to act as potent barriers of reprogramming. Notably, in mouse
fibroblasts, p19Arf, rather than Ink4a, is the key roadblock to
iPSC formation by activation of p53 and p21; whereas, it is
p16Ink4a, rather than p19Arf, that acted as a reprogramming
barrier in human fibroblasts [107]. In addition, diminishing
or obliterating the constituents of senescence machinery can
also reduce the number of reprogramming factors required for
efficient reprogramming [98, 101, 102, 105, 107–109]. To
summarize, senescence acts as a roadblock to reprogramming,
preventing efficient iPSC generation. Identifying the precise
timing for temporary inhibition of vital constituent(s) of se-
nescence machinery using small interfering RNAs or small
molecules or inclusion of genomic stabilizers in the
reprogramming cocktail would be the next logical step for
efficient formation of genetically stable iPSCs.

MicroRNAs

MicroRNAs (miRNAs) are widely known for its regulation of
gene expression post-transcriptionally by targeting one or
moremessenger RNA (mRNA) to favor degradation or inhibit
translation. They function via full or partial base-pairing with
complementary sequences with the 3’-untranslated region
(UTR) or within the target mRNA. This novel class of natu-
rally occurring, short, non-coding RNA sequences plays a
vital role in various biological processes such as embryogen-
esis, differentiation, apoptosis, proliferation, autophagy, im-
mune responses and human diseases [117, 118]. In pluripotent
stem cells, loss of key genes involved in miRNA biogenesis
namely DGCR8 [119] and Dicer [120, 121] affected the pro-
liferation and differentiation of these cells. Studies have also
reported that specific miRNAs can induce cellular
reprogramming without [122, 123] or substituting the
reprogramming factors [124, 125]. Numerous miRNAs have
been reported to play a crucial role in the induction of
pluripotency [8]. On the contrary, there are specific miRNAs
that impede the reprogramming process (Fig. 3).

One of the miRNAs that act as a barrier to cellular
reprogramming is the miR-34 family [126], which comprises
of the evolutionarily conserved mammalian non-coding
RNAs namely, miR-34a, miR-34b and miR-34c [127]. The
expression of these members were induced by oncogenic
stress and DNA damage response in a p53-dependent manner
and their overexpression caused cellular senescence or apo-
ptosis [127]. Due to this observation, the same group further
investigated the role of this miR-34 family in a cell
reprogramming paradigm [126]. Expectedly, the authors
found that members of this family act as a roadblock to cell
reprogramming since depletion of any member of this family
resulted in enhanced reprogramming efficiency with faster
kinetics. Among these three mammalian homologs, miR-34a
depletion exhibited the highest increase in reprogramming
efficiency. miR-34a-depleted MEFs infected with OSK
showed a 4.5-fold increase in reprogramming efficiency,
whereas a 4-fold increase was reported with OSKM transduc-
tion [126]. This enhancement in efficiency was mainly due to
posttranscriptional derepression of pluripotency-associated
genes, Nanog, Sox2 and N-Myc. Importantly, miR-34a exhib-
ited p53-dependent induction and cooperated with p21 during
reprogramming to prevent the formation of iPSCs. A similar
observation was made in a separate study which showed in-
hibition of miR-34a resulted in improved iPSC formation,
whereas, expression of this miRNA resulted in inhibition of
reprogramming [128]. The study reported that the role of this
miRNA is mainly during the early stage of reprogramming,
most likely by downregulation of Sirtuin 1 expression.
Mechanistically, expression of Sirtuin 1 induced Nanog ex-
pression and repressed p53 expression and thereby the expres-
sion of its downstream target p21; and this action of Sirtuin 1
was markedly inhibited by miR-34a resulting in poor
reprogramming efficiency in mouse fibroblasts [128].

Various miRNAs highly expressed in specialized cells
post-transcriptionally regulate proteins that serve as
reprogramming barriers. Therefore, depletion of these
miRNAs in specialized cells in a reprogramming set-up can
result in improvement in reprogramming efficiency and kinet-
ics. Employing this strategy, Blelloch and co-workers deplet-
ed let-7 family of microRNAs in MEF cells to investigate its
effect on reprogramming [129]. This family of miRNAs is
highly expressed in MEF cells [130]. Depletion of the let-7
family dramatically increased the reprogramming efficiency,
especially when a reprogramming factor c-Myc was not in-
cluded in the cocktail [129]. A similar conclusion was drawn,
indicating that let-7 acts as a reprogramming barrier to human
iPSC generation by stimulating the expression of pro-
differentiation genes [131]. Interestingly, inhibition of let-7
in human fibroblasts transduced with OSK yielded a similar
reprogramming efficiency as that of OSKM cocktail [131].
Using the same strategy, Rana and colleagues depleted
MEF-enriched miRNAs, miR-21 and miR-29a, in MEF cells
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to determine their roles in reprogramming [132]. The authors
established that both these miRNAs regulate p53 and ERK1/2
signaling pathways to act as reprogramming barriers.
Depletion of these miRNAs in MEF cells resulted in two- to
three-fold enhancement in iPSC generation [132]. During
reprogramming, these miRNAs are inhibited by c-Myc to pro-
mote reprogramming by increasing CDC42 and p85α expres-
sion [132], the latter proteins are targets of miR-29a as report-
ed earlier [133]. Later, the same group identified two other
MEF-enriched miRNAs, miR-223 and miR-495, to have in-
hibitory roles in iPSC formation [134]. Further, Wu and co-
workers identified miR-199a-3p and miR-363 as novel
reprogramming barriers [135]. miR-199a-3p is induced and
regulated by p53 in MEF cells [135]. Expression of this
MEF-enriched miR-199a-3p resulted in a significant reduc-
tion in reprogramming by imposing G1 cell cycle arrest via
the upregulation of p21 gene, whereas inhibition of the same
resulted in improvement due to enhanced cell proliferation.
Depletion of another set of miRNAs, miR-132 and miR-212,
resulted in improved reprogramming efficacy [136]. These
miRNAs exerted their function by targeting two epigenetic
regulators, the H3K4 demethylase Jarid1a (KDM5a) and the
histone acetyltransferase p300, to act as an endogenous road-
block of somatic cell reprogramming. In addition, a miRNA,
miR-134, is highly expressed during neural differentiation but
downregulated in human ESCs and iPSCs [137]. Inhibition of
miR-134 in neural progenitor cells enhanced the

reprogramming efficiency and maturation of pre-iPSCs,
whereas its overexpression inhibited iPSC induction and gen-
eration. Upon expression, this miRNA targeted the 3’-UTR of
Methyl-CpG-binding domain protein 3 (Mdb3) to downregu-
late its expression to suppress iPSC generation and maturation
[137]. In human cells, depletion of the miR-29a in fibroblasts
resulted in global DNA demethylation during the early stages
of reprogramming eventually leading to enhanced
reprogramming efficiency [138]. The iPSCs generated in this
study were also reported to be epigenetically closer to ESCs.
Another miRNA, miR-145 is highly expressed in human fi-
broblasts and low in pluripotent cells [139]. In human ESCs,
Oct4 repressed miR-145, thereby blocking its function [139].
However, overexpression of this miRNA in human ESCs
inhibited ESC self-renewal by targeting 3’-UTR of
pluripotency factors Oct4, Sox2 and Klf4 and induced
lineage-specific differentiation, thus indicating the existence
of a double-negative feedback loop involving Oct4, Sox2,
Klf4 and miR-145 [139]. Depletion of miR-145 in human
dermal fibroblasts resulted in low expression of mesenchymal
markers and miRNA let-7b, upregulation of epithelial markers
and expression of pluripotency-associated genes, thereby fa-
cilitating and enhancing iPSC formation [140].

To summarize, various miRNAs act as reprogramming bar-
riers by regulating different downstream genes to prevent
faithful reprogramming, and inhibition of these miRNAs can
overcome these roadblocks to improve not only

Fig. 3 An overview of various
microRNAs that act as
reprogramming barriers. The
schematic shows the list and
function of various microRNAs
that have been identified as
reprogramming roadblocks in
mouse and human cells. MBD3:
methyl-CpG binding domain
protein 3; ERK1/2: extracellular
signal-regulated kinase 1/2; Let-7:
lethal-7
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reprogramming kinetics and efficiency but also the quality of
iPSCs.

Epigenetic State and Modifications

Epigenetics is the study of phenotypic alterations due to
changes in gene expression without any change in the original
DNA sequence [141]. Epigenetic modifications, such as DNA
methylation and histone modifications, are vital for chromatin
organization and the regulation of gene expression [142, 143].
The conversion of a differentiated cell to a pluripotent cell
involves resetting of the global epigenome. The epigenetic
state in somatic cells and the specific epigenetic modifications
that occur during reprogramming specify lineage-specific pro-
grams rather than the induction of pluripotency, and thereby
act as a roadblock to efficient reprogramming [144].

DNA Methylation

DNA methylation involves the covalent addition of a methyl
group onto the 5th carbon of cytosine residue in the DNA
strand resulting in the establishment of 5-methylcytosine
(5mC). The family of enzymes called DNA methyltransfer-
ases (DNMTs) catalyzes this epigenetic modification.
DNMT1 methylates hemimethylated CpG (5’-Cytosine-phos-
phate-Guanine-3’) sites thus referred to as “maintenance”
DNMT; whereas DNMT3a and DNMT3b methylate new
CpG sites, therefore called as “de novo” DNMT [145, 146].
Inhibition of DNMTs by DNMT inhibitors, 5-Azacitidine and
RG108, improved the reprogramming efficiency or can gen-
erate iPSCs with minimal reprogramming factors [53, 147,
148]. In a study by Mikkelson and colleagues, transient inhi-
bition of DNMT1 in partially reprogrammed cells with spe-
cific shRNA/siRNA or using DNMT inhibitors (such as 5-
Azacitidine) for 48 hours rapidly enhanced the complete tran-
sition from partially to fully reprogrammed iPSCs [56].
Concurrently, a histone methyltransferase enzyme G9a was
reported to recruit Dnmt3a and Dnmt3b to promote de novo
DNA methylation at crucial pluripotency genes thus
prevented reprogramming to a pluripotent state [149]. This
function was independent of its histone methyltransferase
activity.

Conversely, DNA demethylation is the removal of a
methyl group from 5-methylcytosine via the sequential
modification of cytosine bases. Newly discovered Ten-
eleven translocation (Tet) family of dioxygenases is be-
lieved to have a role in active DNA demethylation by
binding to CpG rich regions to avoid undesirable DNA
methyltransferase activity, and by successively oxidizing
5mC to 5-hydroxymethylcytosine, 5-formylcytosine and
5-carboxylcytosine through hydroxylase activity [150].
Three independent groups reported that Tet enzymes
reactivated Oct4 promoter [151, 152] and facilitated the

generation of iPSCs [151–153]. Interestingly, Tet-
deficient MEFs could not be reprogrammed [152, 153],
due to block in MET [152]. One of the Tet enzymes,
Tet1, enhanced reprogramming by promoting Oct4 de-
methylation and reactivation, and could also substitute
this master regulator Oct4 in the reprogramming process
[151]. Simultaneously, Tet enzymes and Nanog were
identified as interaction partners and synergistically im-
proved the reprogramming efficiency by enhancing the
expression of crucial pluripotency genes [153].
Furthermore, two epigenetic modification factors namely
Tet2 [154, 155] and poly(ADP-ribose) polymerase-1
(Parp1) [154] were reportedly recruited to the Esrrb and
Nanog loci during the early stage of reprogramming to
facilitate iPSC formation [154]. Tet2 was also reported
to interact with C/EBPa, Klf4 and Tfcp2l1, and these fac-
tors recruited Tet2 to specific DNA sites, leading to en-
hancer demethylation and activation of pluripotency-
associated genes [155]. Previously, a popular water-
soluble antioxidant vitamin C was reported to enhance
the reprogramming of somatic cells [156], in part by mit-
igating cellular senescence [156] and perhaps by promot-
ing DNA demethylation [157, 158]. It was shown that
vitamin C enhanced Tet-dependent demethylation activity
in mouse ESCs [159] and modulated Tet function during
somatic cell reprogramming [160]. Additionally, MEFs
deficient in Thymine DNA Glycosylase, an enzyme re-
ported to efficiently excise 5-formylcytosine and 5-
carboxylcytosine, also showed similar impaired
reprogramming ability and was attributed to the defects
in the activation of critical miRNAs [152].

Remarkably, Activation-Induced cytidine Deaminase
(AID/AICDA), a DNA demethylase enzyme responsible
for secondary antibody diversification, was also reported
to be essential for the reprogramming process [161]. This
enzyme is expressed in oocytes, B lymphocytes, and in
pluripotent cells such as ESCs and embryonic germ cells
[162]. In a study generating inter-species heterokaryons
(fusion of human skin cells and mouse ESCs), the re-
searchers demonstrated that AID was involved in demeth-
ylation of promoter regions of key pluripotency genes
Oct4 and Nanog and enabled reprogramming with higher
efficiency and faster kinetics [161]. Further, siRNA medi-
ated silencing of AID showed that it is essential for pro-
moter demethylation and induction of expression of Oct4
and Nanog, thus highlighting its putative demethylating
activity [161]. Hence, all these studies corroborate the fact
that DNA methylation act as a barrier and DNA demeth-
ylation of pluripotency-related genes is indispensable for
the generation of iPSCs (Fig. 4).

In addition to DNA methylation, specific chromatin mod-
ifications disturb the ability of the reprogramming factors to
bind to their target sites and affect iPSC formation (Fig. 5).
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Few prominent histone modification marks that act as a
reprogramming barrier are discussed below.

Histone Methylation

The major histone modification responsible for heterochroma-
tin assembly and gene silencing is the methylation at lysine 9
of histone H3 (H3K9me), a mark conserved from yeast to
human [143, 163]. Trimethylation of H3K9 (H3K9me3) is
mediated by a histone methyltransferase enzyme, G9a, to gen-
erate a heterochromatin structure by recruiting heterochroma-
tin protein 1 [149, 164]. This repressive histone mark is intro-
duced to silence the crucial pluripotency genes through the
SET domain of G9a to prevent cellular reprogramming [149,
164].

In line with these observations, the study by Pei lab further
established that methylation of H3K9 attenuated somatic cell
reprogramming, and this epigenetic roadblock was sensitive
to vitamin C [94]. To demonstrate this, the authors showed
that conversion of reprogramming intermediate cells, termed
as “pre-iPSCs”, to iPSCs was possible only after the supple-
mentation with vitamin C into the ESC medium, and these
quality iPSCs could contribute to chimeric mice.
Interestingly, these pre-iPSCs cultured in ESCmedium devoid
of vitamin C failed to activate the endogenous locus encoding
for Oct4 and could not contribute to chimeric mice. Deducing
the intrinsic mechanism through which vitamin C promoted
the formation of quality iPSCs, the researchers revealed that
vitamin C remarkably decreased H3K9 methylation, and
knockdown of H3K9 methyltransferases further enhanced
reprogramming of pre-iPSCs to iPSCs in a medium containing
fetal bovine serum and vitamin C [94]. This observation was
reinforced in different studies where the researchers further
demonstrated that expression of H3K9 methyltransferases
(Suv39h1, Suv39h2, Setdb1, Ehmt1/Glp and Ehmt2/G9a)

inhibited whereas H3K9 demethylases (Kdm3a, Kdm3b,
Kdm4b and Kdm4c) promoted the reprogramming
efficiency[94, 165–168]. It could be that H3K9 methylation
may have recruited heterochromatin protein 1 to establish a
heterochromatin state [164, 169], which possibly hampered
reprogramming. This probably resulted in impairment in the
activation of pluripotency-inducing genes by OKSM, due to
the inaccessibility of the latter to its target sites [94, 165, 166].
Interestingly, removal of H3K9me3 marks during
reprogramming could also be influenced by the culture con-
ditions used to derive iPSCs [94, 170]. Also, it was reported
that the downregulation of heterochromatin protein-1γ/
Chromobox homolog 3 (or Cbx3), a protein known to identify
H3K9 methylation, improved the reprogramming efficiency
[171].

Previously, it was reported that Trim28 and Setdb1
interacted to establish the repressive H3K9me3 mark [172],
and recently, a group of researchers established that the loss of
Trim28 resulted in the upregulation of genes involved in
maintenance of an open chromatin configuration, ideal for
efficient reprogramming [173]. These genes were located in
the proximity of repressed chromatin regions associated with
high levels of H3K9me3 [173]. In contrast to other H3K9
demethylases that promoted reprogramming, suppression of

Fig. 4 An overview of the changes in methylation status regulated by
DNA demethylases and DNA methyltransferases during the
reprogramming process. me: methylation; vit. C: vitamin C; Tet: ten-

eleven translocation; Parp1: poly(ADP-ribose) polymerase-1; AID/
AICDA: activation induced cytidine deaminase

�Fig. 5 An overview of histone modifications acting as epigenetic barriers
during the reprogramming process to prevent efficient iPSC formation.
me: methylation; vit. C: vitamin C; Kdm: lysine demethylase; LSD1:
lysine-specific demethylase 1; Suv: suppressor of variegation; Setdb1:
SET domain bifurcated histone lysine methyltransferase 1; Ehmt:
euchromatin histone methyltransferase; Glp: G9a like protein; Trim 28:
tripartite motif-containing 28; Jhdm: jumonji-domain containing histone
demethylase; DOT1L: disruptor of telomeric silencing; shRNA: short
hairpin RNA; Utx: ubiquitously transcribed tetratricopeptide repeat X
chromosome; ac: acetylation; VPA: valproic acid; NaB: sodium
butyrate; SAHA: suberoylanilide hydroxamic acid; TSA: trichostatin A

b
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the lysine-specific histone demethylase LSD1 (KDM1A) has
been reported to enhance iPSC generation[82, 174–176], pri-
marily through epithelialization (elevation of a set of genes
enriched in epithelial markers, particularly E-cadherin
(CDH1), CLDN10, EPCAM and KRT19) during the early
stage of reprogramming [175]. Also, improvement in the for-
mation of iPSCs due to LSD1 inhibition could be by regulat-
ing both H3K4 and H3K9 demethylation [176]. On the whole,
the elimination of this modification is necessary for the effi-
cient conversion of pre-iPSCs towards iPSCs to overcome this
epigenetic barrier.

Additionally, vitamin C was also reported to reduce the
levels of H3K36me2/3 during reprogramming via down-
stream vitamin C-dependent H3K36 demethylases Jhdm1a
(Kdm2a) and Jhdm1b (Kdm2b) [177]. Removal of these mod-
ifications by Jhdm1b accelerated cell cycle progression and
prevented senescence by repressing the Ink4a/Arf locus [177].
Also, Oct4 in cooperation with Jhdm1b triggered the stimula-
tion of a microRNA cluster 302/367 [177], a vital cluster that
promoted reprogramming by inhibiting Tgf-β to accelerate
MET [62, 122, 178]. This significantly promoted the
reprogramming process by overcoming the senescence road-
block. It was in accordance with the previously reported stud-
ies that Jhdm1b enhanced proliferation of fibroblasts through
suppression of the Ink4a/Arf locus by eliminating
H3K36me2/3 modifications [179, 180]. Further, the demeth-
ylation of H3K36 by Jhdm1b (Kdm2b) enzyme has been re-
ported to enhance iPSC formation [181]. This enzyme is an
H3K36me2-specific demethylase and is crucial for demethyl-
ation of promoters of genes involved in the early stage of
reprogramming [181]. Therefore, H3K36me2/3 demethyla-
tion is also crucial for efficient iPSC generation.

Similar to H3K9 and H3K36, one more histone modifica-
tion that has been implicated to act as a reprogramming road-
block is H3K79me2 which facilitated EMT [165]. In this
study, the researchers identified a histone methyltransferase,
Disruptor of telomeric silencing 1-like (DOT1L), that act on
H3K79 as a reprogramming barrier [165]. The DOT1L is vital
for establishing a heterochromatin structure and mammalian
development [182]. In contrast, where H3K79 methylation
represents transcriptional activation [183, 184], Onder and
co-workers observed that inhibition of DOT1L, SUV39H1
(an H3K9 methyltransferase) and YY1 (a context-dependent
repressor or activator of transcription), improved
reprogramming of fibroblasts. The authors observed that sup-
pression of DOT1L in the early stage of reprogramming was
concomitant with a marked increase in the expression of
pluripotency factors, namely Lin28 and Nanog. Further, the
researchers performed global genome-wide analysis to deter-
mine the distribution of H3K79me2 upon inhibition of
DOT1L, and this experiment revealed that the lineage-
specific genes associated with the EMT lose H3K79me2 dur-
ing the early stage of reprogramming.

Concurrently, Hanna lab revealed that demethylation of
H3K27 during reprogramming contributed towards the
ground state of pluripotency [185]. This study demonstrated
that Utx (Ubiquitously transcribed tetratricopeptide repeat, X
chromosome; also known as Kdm6a), an H3K27me3
demethylase, is responsible for properly timed H3K27me3
demethylation during reprogramming. If aberrant (in cells
lacking Utx), it would negatively impact the activation of
pluripotency-inducing genes namely Utf1, Sall1 and Sall4,
leading to a block in iPSC formation [185]. Similarly, the
two isoforms of macroH2A (macroH2A1 and macroH2A2)
along with H3K27me3 co-occupy the crucial pluripotency-
associated genes providing a redundant silencing layer on
these genes [186]. Removal of these variants resulted in en-
hanced reprogramming efficiency [186–188], possibly due to
an effective epigenetic remodeling or loss of trimethylation
mark on H3K27 [186].

Histone Deacetylation

Histone acetylation and deacetylation are the crucial epigenet-
ic mechanisms that controls the expression of specific genes.
These mechanisms are mainly regulated by the activity of two
classes of enzymes: the histone acetyltransferases (HATs) that
acetylate conserved lysines on histone proteins, and histone
deacetylases (HDACs) that remove the acetyl groups from the
histone tails [189]. The chromatin structure marked by acety-
lated lysine represents transcriptional activation, whereas
deacetylated lysine represents transcriptional repression
[190, 191].

Mammalian genomes have four classes of HDACs [189].
Histone deacetylation by HDACs promote chromatin com-
paction and generates a heterochromatin structure that makes
the chromatin inaccessible for transcription [189, 192].
Numerous studies have reported that inhibition of histone
deacetylation significantly enhanced the reprogramming of
somatic cells to iPSCs [53, 122, 147, 148, 193–198]. This is
accomplished by inhibiting expression of HDACs using small
molecules such as Valproic acid [53, 122, 193, 198], Sodium
butyrate [147, 194, 196], Suberoylanilide hydroxamic acid
[53, 195] and Trichostatin A [53]. Enhancement in the
reprogramming efficiency by inhibiting HDACs during the
early stage of reprogramming could be due to one or more
of these reasons: either by induction of miR302/367 cluster
[122, 196], or epigenome remodeling and activation of
pluripotency-related genes [147, 194, 195, 197], or by sup-
pression of reprogramming-induced senescence stress [198].

Interestingly, the role of HDACs in the conversion of pre-
iPSCs to iPSCs is still debatable due to the conflicting reports
[197, 199]. While one study claims that HDAC2 acts as a
barrier to the reprogramming process during the maturation
stage [197], whereas the other study claims that it could be
beneficial during the maturation stage in the reprogramming
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[199]. Therefore, the exact mechanisms by which HDAC in-
hibitors enhance reprogramming efficiency and the role of
HDACs during the different stages of reprogramming is still
controversial and requires detailed investigation. Altogether,
these studies indicate that HDACs function as epigenetic road-
blocks to reprogramming by establishing a chromatin struc-
ture which restricts the activation of a transcriptional network
that regulates pluripotency.

Histone Variants

Histone variants are non-canonical proteins that replace the
octamer made up of core histones (H2A, H2B, H3, H4) in
eukaryotic chromatin and have specific functional and struc-
tural characteristics. In a reprogramming context, the first
study to establish the role of histone variants carried out nu-
clear transfer experiments and demonstrated that macroH2A
prevented the X-chromosome reactivation and activation of
pluripotency-related genes to confer resistance to nuclear
reprogramming [200]. Depletion of macroH2A variants,
macroH2A.1 and macroH2A.2, resulted in enhanced
reprogramming efficiency [186–188, 201], and its overex-
pression prevented efficient reprogramming [187, 188, 201],
of which, macroH2A.2 is the major roadblock towards
reprogramming [186]. The negative role of macroH2A in a
cell reprogramming paradigm could be due to its ability to
inhibit the key MET process during the early stage of
reprogramming [201]. Genome-wide analysis revealed that
the macroH2A variants occupied the promoters of bivalent
developmental regulators and pluripotency-related genes,
and showed substantial overlap with the genes repressed by
H3K27me3 in differentiated cells [186, 188, 201]. The pres-
ence of macroH2A.1 at these silenced genes precludes the
introduction of H3K4me2 at these sites in the course of
reprogramming, imposing an extra layer of repression that
maintains somatic cell identity [188].

One more histone variant that has been implicated in the
maintenance of somatic cell identity is H3.3 [202]. Removal
of this histone variant during the early stage of reprogramming
improved the reprogramming ability of differentiated cells,
whereas, it was found to be essential for the acquisition of
pluripotency during the later stage of reprogramming [202].
This histone variant is essential for supporting heterochromat-
ic features and thereby maintaining genome integrity [203],
explaining its role in the generation of stable iPSCs during the
later stage of reprogramming. Thus, various histone variants
play a crucial role in the maintenance of the somatic cell iden-
tity to prevent efficient reprogramming.

Chromatin Remodelers

NuRD/MBD Complexes NuRD complexes are chromatin re-
modeling factors that are mainly associated with a repressive

chromatin structure [52, 204]. Out of the seven constituents,
one of the vital constituents of the NuRD complex is either
Methyl-CpG Binding Domain Protein 2 (MBD2) or Methyl-
CpG Binding Domain Protein 3 (MBD3) (hereafter
MBD2/NuRD and MBD3/NuRD), and thus forms two sepa-
rate complexes having different biochemical and functional
characteristics [205]. The major distinction between
MBD2/NuRD and MBD3/NuRD is that the latter is devoid
of four conserved amino acids in the MBD domain, and there-
fore, it does not bind to methylated DNA [206]. Data from
different studies have revealed that MBD2/NuRD only or
MBD3/NuRD has a major effect on the induction of
pluripotency; however, whether these complexes affect posi-
tively or negatively is still a matter of debate.

Demonstrating the negative effect of NuRD repressor
complex on reprogramming, Fidalgo and co-workers
established that recruitment of the NuRD complex by
transcription factor Zfp281 onto the Nanog locus blocked
reprogramming through suppression of Nanog expression
[46]. Further, this study showed that suppression of
Zfp281 resulted in enhanced reprogramming efficiency,
thereby supporting an inhibitory role of MBD3/NuRD in
iPSC generation. In accordance with the previous reports,
another study also reported that overexpression of
MBD3/NuRD resulted in the establishment of heterochro-
matic features and silencing of key ESC-specific genes
(Nanog and Oct4) [207]. Additionally, the researchers
showed that depletion of MBD3/NuRD resulted in the
expression of pluripotency genes and gave rise to fully
reprogrammed iPSCs, even in the absence of core
reprogramming factors, Sox2 or c-Myc [207]. In line with
this study, Hanna lab reprogrammed mouse and human
cells within seven days in naïve pluripotency promoting
conditions resulting in deterministic reprogramming with
nearly 100% efficiency [208]. They also demonstrated
that the chromatin in MBD3/NuRD-depleted cells was
more open and active and displayed high Oct4 binding
with an increased H3K27ac and H3K4me3 marks as well
as reduced levels of H3K27me3 modifications [208].
Similarly, they further provided additional facts to support
the i r ear l ie r c la im [208] and reconf i rmed tha t
MBD3/NuRD pathway is a potent inhibitor of induction
and maintenance of pluripotency [209].

In contrast to these observations, dos Santos and colleagues
performed reprogramming of multipotent neural stem cells,
pre-iPSCs and epiblast stem cells and showed reduced
reprogramming efficiency on depletion of Mbd3 [210], how-
ever, no obvious effect was observed for MEF cells [168,
210]. Overexpression of the isoform MBD3b/NuRD only or
MBD3b/NuRD in combination with Nanog facilitated
reprogramming with accelerated kinetics [210], which was
also in contrast to the previous studies [46, 207]. These differ-
ences could be attributed to the use of different
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reprogramming cassettes, culture conditions, cell types or al-
tered reprogramming factor stoichiometry.

In addition to this, two independent studies indicated that
subunit MBD2/NuRD also has a substantial effect on
reprogramming [211, 212]. Elucidating the molecular mecha-
nism of reprogramming, Lee and colleagues showed that
MBD2 binds to the Nanog promoter to suppress its transcrip-
tional activation and thereby giving rise to partially
reprogrammed cells [211]. Moreover, overexpression of
miR-302 (miR-302 cluster without miR-367) ensured the gen-
eration of fully reprogrammed iPSCs as this relieved MBD2-
mediated transcriptional repression of Nanog [211]. However,
these results [211, 212] were not in line with the other studies
[165, 168] where no substantial increase in iPSC colonies was
established on silencing of NuRD/MBD. Explaining this dis-
parity, Marto lab presumed an isoform-specific function of
MBD2 (MBD2 has two isoforms: MBD2a and MBD2c) on
reprogramming [212]. This study revealed that MBD2a pref-
erentially cooperated with the repressive NuRD complex and
directed the human iPSCs towards lineage specification,
whe r ea s , ove r exp r e s s i on o f MBD2c p romo ted
reprogramming of fibroblasts to iPSCs [212]. Further, this
study showed that the 3’-UTR of MBD2a was a direct target
of miR-302 and its expression was under the control of miR-
302 [212], which resulted in downregulation of MBD2 and
upregulation of Nanog expression [211, 212]. These studies
highlighted the importance of specific isoforms in differenti-
ation or reprogramming, and further studies will reveal the
epigenetic and transcriptional alterations in response to dele-
tion of these isoforms to identify downstream targets that play
a crucial role in lineage-specification or in induction of
pluripotency.

Recently, one more key constituent of the NuRD complex
Methyl-CpG-binding protein 2 (MeCP2) has been implicated
in cell reprogramming [213]. MeCP2 interacts with co-
repressor complexes and acts as a transcriptional repressor
[214]. Downregulation of MeCP2 resulted in improved
reprogramming efficiency via activation of cell cycle genes
by ribosomal proteins and stimulation of IGF1/AKT/mTOR
signaling in the initial stage of reprogramming [213].
Therefore, the investigation of other members of the NuRD
complex should also be carried out in the context of
reprogramming to understand their molecular function.

Histone Chaperones Chromatin assembly factor (CAF-1) is a
highly conserved protein complex comprising of p40, p60 and
p150 subunits which enable de novo nucleosome assembly
onto newly replicated DNA in vitro [215, 216]. Depletion of
this histone chaperone CAF-1 in ESCs resulted in altered epi-
genetic histone methylation marks at the pericentric hetero-
chromatin, indicating its role in heterochromatin organization
[217]. To identify the reprogramming barriers, a comprehen-
sive study performed two independent RNAi screens and

found CAF-1 (Chaf1a and Chaf1b subunits of CAF-1),
Ube2i and Setdb1 as the most prominent hits [168].
Inves t iga t ing speci f ica l ly the role of CAF-1 in
reprogramming, the study showed that CAF-1 depletion re-
sulted in a decrease in H3K9me3 marks at specific somatic
heterochromatin areas called as ‘reprogramming-resistant re-
gions’ to make the chromatin more accessible for efficient
transcriptional activation by core reprogramming factors
[168]. The decrease in H3K9me3 modifications at specific
sites partly removed this epigenetic barrier [218], and resulted
in an improved efficiency in a short span of only four days
[168]. Together, this study indicates that CAF-1 contribute to
the maintenance of somatic cell identity and act as a potent
reprogramming barrier.

Recently, one more histone chaperone FACT (facilitates
chromatin transcription; comprising of Spt16/SUPT16H and
Pob3/SSRP1) was identified as a reprogramming barrier in
Caenorhabditis elegans and human cells [219]. Unlike other
reprogramming barriers that repress gene expression, this
chromatin regulator remodels the tetranucleosomal unit of
chromatin fibres to facilitate gene expression [220, 221].
FACT collaborates with other histone chaperones, CAF-1
and Rtt106, to deposit new histones onto replicating DNA
and participate in replication-coupled nucleosome assembly
[222]. Subsequently, it was shown that the intact human
FACT complex performs destabilization of the nucleosome
and preserve its integrity at the single nucleosome level during
DNA replication and transcription [223]. From a
reprogramming perspective, depletion of FACT leads to re-
duced expression of previously identified reprogramming bar-
riers [219], such as repressive chromatin regulators,
SUV39H1/2 and NR2F1 [165], CAF1 [168], PTPN11 [57],
PRRX1 [224] and SUMO2 [225]. Consequently, downregu-
lation of FACT resulted in a more accessible chromatin struc-
ture that enabled the transcription of reprogramming-inducing
factors, demonstrating the role of FACT to safeguard somatic
cell identity [219].

Other Reprogramming Barriers

Cell Adhesion and Motility

A Disintegrin And Metalloproteinase (ADAM) family mem-
bers are multidomain transmembrane proteins crucial for nu-
merous biological processes such as cell adhesion, migration,
signaling and proteolysis [226]. This family of proteins has
various domains: a pro-domain, a metalloproteinase, a
disintegrin, a cysteine-rich, an epidermal-growth factor like,
a transmembrane domain and a C-terminal cytoplasmic tail
[227]. Recently, Ramalho-Santos and co-workers demonstrat-
ed that the knockdown of ADAM7, ADAM21 or ADAM29
significantly improved the reprogramming efficiency of hu-
man fibroblasts to iPSCs, with the most prominent effect
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observed for ADAM29 [57]. To identify the domain(s) in the
ADAM family responsible for this inhibitory effect on
reprogramming, the authors mutated the key domains and
found that mutation in the disintegrin domain obliterates the
adverse effect of ADAM29 on reprogramming efficiency
[57]. These results established that it is the disintegrin domain
in the ADAM family that serve as a reprogramming barrier.

Clathrin-Mediated Endocytosis

Endocytosis is a cellular process in all eukaryotic cells that
involves the internalization of proteins (such as transporters,
receptors and channels), nutrients and membrane-associated
molecules [228, 229]. The main endocytic pathway, clathrin-
mediated endocytosis, regulate the uptake of many cell sur-
face proteins with the help of a clathrin coat [230, 231].
Recently, a study reported the negative influence of clathrin-
mediated endocytosis on cellular reprogramming [57].
Downregulation of the endosomal surface proteins such as
DRAM1, SLC17A5 or ARSD dramatically improved the
reprogramming efficiency [57]. In addition, the inclusion of
clathrin-specific inhibitors, Pitstop1 and Pitstop2, hampers
clathrin-mediated endocytosis exhibiting the same effect, i.e.
a significant increase in the reprogramming efficiency.

Earlier, it has been shown that clathrin-mediated endocyto-
sis positively regulated the activation of Tgf-β signaling via
recycling the receptors [228, 232]. Also, Tgf-β signaling is a
well-known barrier of reprogramming that blocks MET [32,
62]. Thus, clathrin-mediated endocytosis impedes
reprogramming by preventing MET at an early phase via ac-
tivation of Tgf-β signaling. These outcomes establish that
clathrin-mediated endocytosis is a potent reprogramming bar-
rier, and inhibition of endocytosis is likely to enhance
reprogramming efficiency.

The Ubiquitin-Proteasome Pathway

The Ubiquitin-Proteasome Pathway (UPP) is a key mecha-
nism that mediates the rapid intracellular protein degradation
in the mammalian cytosol and nucleus [233, 234]. This path-
way involves two distinct sequential steps to carry out the
degradation of the protein: first, the covalent attachment of
ubiquitin molecules to a target protein; second, the degrada-
tion of the ubiquitinated target protein by an ATP-dependent
large supramolecular proteolytic complex, the 26S protea-
some [235, 236]. The initial observation was that the protea-
some restricted non-specific transcriptional initiation through
sequestration of transcription factors from their target se-
quences [237]. Further studies claimed that core pluripotency
regulators that control self-renewal and differentiation of
ESCs were ubiquitinated by molecular mechanisms that are
still unidentified [238, 239].

To investigate the role of UPP in a reprogramming perspec-
tive, Buckley and colleagues demonstrated that silencing a
member of the UPP, an E3 ubiquitin ligase Fbxw7, promoted
the reprogramming efficiency from MEFs to iPSCs through
stabilization of c-Myc and a subsequent rise in the levels of the
pluripotency factors Oct4, Nanog and Sox2 [240].
Concurrently, Fbxw7, and another E3 ubiquitin ligase
Wwp2, were also reported to be repressed by a microRNA
miR-25, and therefore, overexpression of miR-25 in MEF
cells resulted in the enhanced formation of iPSCs [241].
Earlier, both Fbxw7 and Wwp7 were reported to promote
degradation of pluripotency-associated genes Oct4 [139,
238, 242], c-Myc [243] and Klf5 [244]. As a result, enhance-
ment in the formation of iPSCs due to overexpression of miR-
25 could be due to prevention of the degradation of Oct4, c-
Myc and Klf5 by Fbxw7 and Wwp2 [241]. These studies
concluded that Fbxw7 and Wwp2 acts as a barrier to cell
reprogramming.

In line with these studies, a subsequent study identified
multiple members of the UPP that either delay or affect the
reprogramming efficiency [57]. The researchers demonstrated
that individual knockdown of conjugating enzymes, UBE2D3
and UBE2E3, or ubiquitin ligase RNF40 significantly en-
hanced human iPSC generation. Consequently, the data from
all these studies indicated that various constituents of the UPP
act as negative regulators of reprogramming. This necessitates
further studies on individual players of the UPP to identify
their role in iPSC formation.

Sumoylation

Sumoylation, similar to ubiquitination, is a post-
translational modification that involves the addition of
SUMOs (small ubiquitin-like modifiers) to modify the
function of a protein. In humans, there are three SUMO
isoforms: SUMO 1–3 [245]. Among the other hits, a recent
study identified SUMO2 as a top-scoring hit and showed
its depletion resulted in enhanced and accelerated
reprogramming [225]. Thus, SUMO2 acts as a potent bar-
rier to reprogramming during the early-to-mid stage of
iPSC generation [225]. Also, suppression of SUMO2 in
combination with reprogramming enhancing small mole-
cules generated iPSCs in less than 38 hours. In addition,
an earlier study from the same group found an upstream
SUMO-conjugating enzyme, Ubc9 (UBE2i) as a novel in-
hibitor of iPSC generation [168]. On the contrary, Yang lab
es tab l i shed tha t Ubc9 is essent ia l for e ff ic ien t
reprogramming as its depletion resulted in marked inhibi-
tion of iPSC induction [246]. Therefore, a further detailed
investigation is required to unravel the importance of
SUMO isoforms and other enzymes involved in
sumoylation in the context of reprogramming.
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Conclusion

iPSCs hold great promise for biomedical applications such as
drug screening, disease modeling and personalized medicine.
Various genetic and non-genetic approaches have been ex-
plored to derive integration-free iPSCs from numerous spe-
cialized cell types [11, 12]. Despite these advancements, in
general, the generation of iPSCs from adult somatic cells is
known to be an inefficient process. The poor efficiency and
delayed kinetics of somatic cell reprogramming are serious
concerns that restrict the generation of quality iPSCs for re-
generative medicine. As discussed above, this is mainly due to
the presence of numerous barriers that act as a roadblock that
prevents efficient reprogramming. In addition to the afore-
mentioned studies, other genes have also been identified as
potent reprogramming roadblocks that prevent efficient iPSC
generation (Table 3), but their biological function from a
reprogramming perspective is not yet investigated. Also, all
these players may act as a barrier during a specific stage or in a
specific cell type but may be essential for reprogramming in
the other stage or in a different cell type so detailed investiga-
tions are required to understand their role in different cell
types and at different stages of the reprogramming. The better
understanding of all these barriers and their consequences will
pave the way to improve the reprogramming efficiency and
kinetics. This knowledge will further help us develop safe
strategies for efficient reprogramming that could generate ge-
netically stable iPSCs. Eventually, this will result in the

successful translation of this promising technology for various
biomedical applications.
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