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Abstract

During development, the genome adopts specific chromatin states to establish and maintain

functionally distinct cell types in a well-controlled environment. A select group of transcription

factors have the ability to drive the transition of the genome from a pluripotent to a more

specialized chromatin state. The same set of factors can be used as reprogramming factors to reset

the already established chromatin state back to pluripotency or directly to an alternative cell type.

However, under the suboptimal reprogramming conditions, these factors fall short in guiding the

majority of cells to their new fate. In this review, we visit the recent findings addressing the

manipulation of chromatin structure to enhance the performance of transcription factors in

reprogramming. The main emphasis is on the mechanisms underlying the conversion of somatic

cells to pluripotency using OSKM. This review is intended to highlight the windows of

opportunities for developing mechanistically-based approaches to replace the phenotypically-

guided methods currently employed in reprogramming, in an attempt to move the field of cell

conversion towards using next generation technologies.

Introduction

Within adult tissues and organs, fully differentiated cells rarely, if ever, change from one

type to another. Somatic cells can be forcibly reprogrammed to pluripotency by nuclear

transfer experiments, in which the somatic genome is exposed to a large number of factors

found in the egg cytoplasm [1]. Thus it seems remarkable to discover that it can take so few

transcription factors to convert cells from one somatic type to another. For instance, MyoD

alone can reprogram fibroblasts to myoblasts [2], but more strikingly, the four transcription

factors: Oct4, Sox2, Klf4, and c-Myc (OSKM) are able to convert fibroblasts to induced

pluripotent stem cells (iPSCs) [3]. However, somatic cells still show a high resistance to

such transcription factor-based reprogramming, raising a major obstacle in understanding

the molecular mechanism underlying cellular conversion to pluripotency. With this in mind,

many studies have recently reported various ways to enhance reprogramming, usually

involving a change in the chromatin state of somatic genome to enable a change in cell fate.

Our understanding so far is that the conversion of somatic cells to pluripotency follows a

step-wise process (recently reviewed in [4–6]). However, it has been argued that
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reprogramming can operate in two modes; a stochastic mode, by which iPS colonies appear

with variable latencies, and a deterministic mode in which differentiated cells follow a

hierarchal process to pluripotency (Figure 1) [7,8]. Here we will review recent findings of

how the different methods to enhance reprogramming fit this model, with a specific

emphasis on the chromatin-basis behind both the pliancy and the rigidity of the somatic

genome.

The Pioneer Concept in Reprogramming

A select group of transcription factors, but not others, have the mechanistic ability to

reprogram cells. It is intriguing to note that transcription factors involved in the early stages

of embryonic development have provided an attractive route for cell fate conversion [9].

Pioneer factors are expressed early in development, and represent a special class of factors

that can bind target DNA on nucleosomes [10–13]. This allows pioneer factors to engage

silent chromatin and endow the competence for subsequent gene activation [14]. Early in

reprogramming, the OSK factors, but not c-Myc, are able to access closed chromatin at

distal element and prior to activation of silent genes, including those necessary for

pluripotency such as ESRRB and SALL4 [15]. The pioneer activity of Oct4 has been

confirmed in the maternal-to-zygotic transition at which Oct4 occupies SOX-POU binding

sites before the onset of zygotic transcription [16,17]. The pioneer activity of Oct4 has been

carefully assessed in binding to the enhancer elements of NANOG, POU5F1, and MYOD1

genes [18,19]. The concept of pioneer factors expands beyond reprogramming to

pluripotency as shown for the case of Ascl1, which can convert fibroblasts to become

induced neuronal (iN) cells [20]. Altogether, pioneer factors seem to possess an inherent

ability to prime the genome to become susceptible for adapting chromatin states, which are

more suited for alternative cell types.

Dissecting OSKM Function in Reprogramming by a Transcription Factor

Substitution Approach

Soon after the discovery of OSKM, another set of factors including Oct4, Sox2, Nanog, and

Lin28 have been shown to convert somatic cells to pluripotency [21]. Despite these factors

being picked as candidates for reprogramming based on their role in pluripotency in ES cells

[3,21,22], subsequent studies have attempted to dissect the role of OSKM in reprogramming

by using substitutes, and surprisingly showing that they can be replaced with functionally

divergent factors. For example the nuclear receptor Nr5a2 and its close family member

Nr5a1 are capable of both enhancing reprogramming and replacing Oct4 [23]. The pioneer

factors Gata3, Gata4, and Gata6 can replace Oct4, while Sox1 and Sox3 can replace Sox2 if

combined with Klf4 and c-Myc [24,25]. The reprogramming activity of Oct4 is conserved

among species, as axolotl Oct4, the xenopus Oct91, as well as medaka Pou2 are each able to

act together with mouse SKM to generate iPSCs from mouse fibroblasts [26,27]. Oct1 and

Oct6 are thought to lack reprogramming capability due to their unstructured linker region

between Pou-specific and Pou-homeodomain; the two DNA-binding domains found in the

POU (Pit1, Oct1/Oct2, UNC-86) family members [28]. Other Sox family members

including Sox7 and Sox17 can be converted into reprogramming factors by engineering a

single mutation within the High-Mobility-Group (HMG) DNA-binding domain that
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promotes co-binding with Oct4 to the canonical Oct-Sox motif [29,30]. Interestingly, Oct4

can switch partners from Sox2 to Sox17 for endoderm specification and binds a compressed

version of the Oct-Sox motif at enhancers [31]. Similarly, Sox2 switches partners with

another Pou-family member BRN2 (Pou3f2) co-occupying enhancers for neuron progenitors

[32]. Sox2 targets yet another distinct network for specifying trophoblast stem cells and

marks adult cells in several epithelial tissues [33,34]. Esrrb, an orphan nuclear receptor that

is expressed highly in ES cells, has been reported to replace Klf4 [35]. c-Myc was the first

factor found to be dispensable for reprogramming and can be replaced by other family

members such as n-Myc and l-Myc, as well as by the maternal factor Glis-1 [36–38]. The

ability of maternal factors to enhance reprogramming may reflect the potent ability of

oocytes to reprogram somatic cells. It is important to note that pioneer factors also appear to

interfere with OSKM and counteract their induction to pluripotency, once co-expressed with

OSKM [39,40]. Remarkably, these interfering factors extensively co-bind with OSKM [39].

For example, Gata4 can replace Oct4 in reprogramming, yet Gata4 blocks reprogramming if

co-expressed with OSKM [24,40]. This indicates that OSKM substitutes engage the somatic

genome by binding many overlapping targets, creating alternative, yet conflicting, routes to

pluripotency.

Dissecting OSKM Function in Reprogramming by Small Molecule

Substitution

Small molecules can also enhance reprogramming and replace the four OSKM factors.

Vitamin C enhances the generation of iPS cells, at least partly, due its Tet-dependent

induction of DNA demethylation [41–43]. Valporic acid (VPA), suberoylanilide hydroxamic

acid (SAHA), trichostatin A (TSA), and butyrate are histone deacetylases (HDAC)

inhibitors that can improve reprogramming and replace c-Myc [44,45]. Tranylcypromine, an

H3K4 demethylation inhibitor, also promotes iPSC generation in the absence of c-Myc [46].

5-azacytidine (AZA), a DNA methyltransferase inhibitor, also enhances reprogramming

[47,48]. Kenpaullone, like CHIR99021, both inhibit GSK-3β and increase OSKM-based

reprogramming and Kenpaullone can replace Klf4 [49]. Tgf-β inhibitor (named 616452), on

the other hand, can replace Sox2 and induce reprogramming [50,51]. Forskolin (FSK), a

cAMP agonist, can act as a chemical substitutes for Oct4 [52]. The small-molecule

combination of VPA, CHIR99021, 616452, and Tranylcypromine enables reprogramming of

mouse fibroblasts with only a single gene, Oct4 [46]. And more dramatically, the

combination of CHIR99021, 616452, Forskolin and DZNep, an S-adenosylhomocysteine

(SAH) hydrolase inhibitor, can replace all four reprogramming factors [52]. Albeit, this

cocktail of chemicals can induce pluripotency in mouse with much less efficiency than

OSKM, they failed to do so in human [52]. It is important to note that DZNep does not

replace any of the factors but instead reduces the global levels of histone methylation

associated with heterochromatin including H3K27, H3K9, and H4K20 methylation [53,54].

By these means, DZNep may act at the early stochastic phase of reprogramming as well as

the late transition to a deterministic step, as discussed further below. The general view from

these studies is that small molecules that induce the loosening of chromatin assist or replace

OSKM in reprogramming indicating that OSKM's major role is to open up chromatin of

silent genes. However these chemicals target chromatin modifiers that show no cell-type
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specificity, so they may be useful to induce pluripotency, which is characterized by a

general open chromatin state, they won't be useful to directly convert cells to another

differentiated cell type.

Stochastic Mode of Reprogramming

Reprogramming is initiated by OSKM binding to the somatic genome at many more sites

than will be functional for pluripotency [15]. This unrestrained mode of binding may be

simply due to the level of overexpression of the factors, highlighting the importance of

OSKM stoichiometry during reprogramming [55–58]. OSKM initially target an extensively

overlapped gene network on the somatic genome that is markedly different from the separate

OSK core-pluripotency and c-Myc networks found in ES and iPS cells [15,59–61].

Furthermore, the OSKM factors initially bind distal to a large number of genes that both

promote “on-target” and impede “off-target” reprogramming [15]. There is a stark

difference between OSKM promiscuous binding and Ascl1 “on-target” binding, explaining

the higher efficiency of reprogramming to a neuronal fate compared to pluripotency [20].

Although Ascl1 acted as an “on-target” pioneer factor in fibroblasts, it did not do so in

keratinocytes, which is in part due to a trivalent chromatin state in fibroblasts that is

permissive for Ascl1 occupancy [20]. This argues that somatic cells may be fortuitously

primed to be converted to a specific cell type if using the right set of pioneer factor.

Regardless, the promiscuous engagement of the somatic genome by OSKM provide a route

not only to pluripotency but also to other somatic fates such as neurogenesis and

cardiogenesis [62,63].

Other routes induced by OSKM may lead to a dead-end, such as apoptosis, which is

considered as a barrier to reprogramming [64–66]. The Mesenchymal-to-Epithelial (MET)

transition is one of the early routes that most cells seem to follow when using the OSKM

factors [67,68]. The sequential addition approach (Oct4–Klf4 first, then c-Myc and finally

Sox2) outperforms the simultaneous introduction of OSKM, but induce EMT first and then

MET [69]. Recently, by replacing Oct4 and Sox2 with other lineage specifiers, MET was

shown not to be required for reprogramming, but instead a “Seesaw Model” balancing the

counteracting mesendodermal and ectodermal lineages was proposed to drive cellular

conversion to pluripotency [24,25]. These conclusions were drawn from gene expression

analysis in cell populations, where the minority of cells goes through successful conversion

to pluripotency. Complimentary studies that worked with purified cell populations have

shown that initially cells poised to reprogramming are very similar to those refractory to

reprogramming and distinct waves of changes occur progressively during the process

[70,71]. These waves include chromatin reorganization, changes in gene expression, cell

proliferation, metabolism, DNA-repair and RNA processing [70,71]. Altogether these genes

and pathways targeted by OSKM and induced early are not indicative of successful

reprogramming. Nevertheless, some of these genes and pathways promote, while the others

offset the process of cellular conversion. Indeed, clonal cell populations and single cells

studies have confirmed that initially cells go through a stochastic phase before transitioning

to more deterministic progression to pluripotency [7,8]. Even turning on pluripotency genes

such as Oct4, which is required for pluripotency, are not predictive for successful

reprogramming [8]. In summary, the unrestrained nature of OSKM engagement with the
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somatic genome lead to stochastic genomic responses, which are not necessarily indicative

for routes to pluripotency, but are still necessary to increase the probability for cellular

conversion.

Enhancing the Stochastic Route to Pluripotency

Initially, OSK are mainly associated with distal elements of silent genes, indicating that

promoter accessibility and gene reactivation is a later event in reprogramming [15]. One

way that c-Myc may enhance the process is by co-binding with OSK at distal elements and

promoting open chromatin as well as promoter accessibility, resulting in a general

amplification of gene expression [15,36,37,72–74]. Among genes changing expression early

in reprogramming are genes targeted mainly by c-Myc and Klf4 at their promoters and that

either gain the open chromatin mark H3K4me2, de novo, or retain this active mark if pre-

existing in fibroblasts [15,75]. The ATP-dependent BAF chromatin-remodeling complex has

been shown to facilitate the access of Oct4 to promoters and enhance reprogramming even

in the absence of c-Myc [76]. The two H3K36me2 demethylases, KDM2A and KDM2B

were also shown to enhance reprogramming by cooperating with Oct4 to demethylate

promoters and activate gene expression, including that of the micro-RNA gene-cluster

302/367, which is known to induce reprogramming [77–79]. OSK factors can also recruit

UTX, an H3K27 demethylase, and WDR5, a core member of the mammalian Trithorax

complex that effect H3K4 methylation, to promote open chromatin and enhance

reprogramming [80,81]. The general transcription factor, TFIID, that is essential for the

assembly of the basal-transcription machinery at promoters to activate gene expression, have

also been shown to enhance reprogramming [82]. In conclusion, the OSKM factors are

initially wired to an extensive gene network, and hence reprogramming can be stochastically

enhanced by stimulating a general and non-selective gene-expression output. This stochastic

response can be skewed towards pluripotency if alternative routes are blocked. For example,

the down-regulation of H3K79-methyl-transferase DOT1L enhances reprogramming by

blocking the mesenchymal fate, from where fibroblasts originate [83]. Blocking apoptosis

and senescence, which is the ultimate fate of the majority of cells induced by OSKM, also

has a significant boost to reprogramming [64–66].

Deterministic Mode of Reprogramming

In nuclear-transfer experiments, the somatic genome is exposed to an undefined number of

reprogramming factors found in the egg's cytoplasm, as well as stripped from factors that

endorse the differentiated state found in the somatic cytoplasm. Under these conditions the

somatic genome follow deterministic steps, adopting a pluripotent state along the way [84].

So how can a genome that is exposed to only four factors and in the presence of all the

endogenous somatic factors, transition to a pluripotent state in a deterministic fashion? The

heterogeneous nature of cells going through reprogramming, due to the stochastic events

described above, make it challenging to define the deterministic steps taking place in the

minority of cells that successfully convert to pluripotency. In an attempt to answer this

question, single-cells converting to pluripotency have been tracked morphologically using

time-lapse microscopy, to reveal that they follow defined changes including a shrinking in

cell size and rapid shift in cell division [85]. To gain more insights into the molecular events
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that drives successful reprogramming, gene expression dynamics of 48 genes, representing

various pathways reported to be involved in reprogramming, have been monitored at single-

cells level [8]. This approach has unexpectedly revealed that the reactivation of pluripotency

genes such as Oct4 and other genes that promote MET or cell proliferation, despite being

necessary, are not predictive of a deterministic pluripotency fate [8]. On the other hand, the

reactivation of “top-hierarchy” pluripotency genes such as Nanog and Sox2 are indicative of

cells destined for pluripotency [8]. Global genomic and proteomic analysis of sorted cell

populations has indicated that the activation of endogenous Nanog and Sox2 is followed by

the activation of a cascade of genes including Gdf3, Dppa2, and Dppa3 to stabilize

pluripotency [67,70,71,86]. It is intriguing to discover that all of these genes are located

within mega-base-scale heterochromatin domains marked by H3K9me3 in fibroblasts that

are inaccessible by OSKM early in reprogramming [15]. Quantitative mass-spectrometry has

identified that fibroblasts and late reprogramming intermediate (pre-iPSCs), are enriched for

H3K9me3, when compared to fully reprogrammed iPSCs [87]. These OSKM-differentially

bound regions (DBRs) are conserved in a wide range of cell-types and partly persist in iPS

lines, conferring epigenetic memory [15,88–91]. It is worth noting that, the exogenous

expression of OSKM must be silenced for transitioning to the deterministic mode of

reprogramming [59,86,92]. Failing to silence these over-expressed factors destabilizes

pluripotency and occasionally results in partially-reprogrammed cells (pre-iPSCs), that seem

to be trapped at this late phase [59,86,93]. By assessing the chromatin occupancy of OSKM

in pre-iPSCs, it was shown that c-Myc is associated with promoters in a similar way to that

in iPS/ES cells, however OSK are only partly associated with the pluripotency network

found in iPS/ESCs [59–61]. Hence, the promiscuous nature of OSK binding to the genome

has to be rearranged to “on-target” binding for reprogramming to progress to a deterministic

mode. In contrast to nuclear transfer experiments, transcription-factor-based reprogramming

requires the genome to be primed by pioneer factors to a “more-pliable” chromatin state

before the genome can deterministically transition to a stable pluripotency state.

Enhancing the Deterministic Route to Pluripotency

Modulating the pre-existing chromatin state of the somatic genome is usually the favorable

route to enhance reprogramming. One way to induce the transition to a deterministic phase

is to remove chromatin barriers that block OSKM access to the top-hierarchy pluripotency

genes, which are located within heterochromatin marked by H3K9me3 in fibroblasts

[15,88]. Knocking down enzymes that deposit H3K9me3, including SUV39H1/H2 induces

OSKM access to heterochromatin and significantly enhances the efficiency and kinetics of

programming [15,83,87]. BMP signaling was shown to induce H3K9me3 levels and is

responsible for arresting reprogramming in pre-iPSCs, while Vitamin C reduces the levels of

H3K9me3 and allow the transition of pre-iPS to fully reprogrammed iPSCs [41,94]. It was

also shown that the non-essential amino acid L-proline augments H3K9me3 levels and

inhibits converting cells to pluripotency [95]. It is not known how OSKM get access to

heterochromatin during the course of reprogramming. It has been reported that Parp1 and

Tet2 are recruited to Nanog locus early in reprogramming, and contribute to its subsequent

transcriptional induction [96]. However, it is not known whether this takes place prior to or

after OSKM access.
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Modulating the novel chromatin state as it is modified by OSKM binding may also guide

cells to pluripotency. It was reported that depleting the NuRD repressor complex

component, MBD3, during reprogramming with OSKM results in a synchronized cell

population that deterministically become converted to iPSCs [97]. However, other studies

reported only moderate positive effects upon MBD3 knock-down in reprogramming [83,98].

There are several experimental conditions that might account for the discrepancies between

these studies. One condition of the former study [97] is that MBD3 was depleted in a clonal

secondary-reprogramming system versus the traditionally used primary system. The inter-

and intra-clonal efficiencies were accurately measured from separate clones derived from

single cells in the secondary system, which differs from the primary method that measures

efficiencies by dividing the number of generated iPSC colonies by the number of input cells.

This has profound impact on assessing MBD3 effects, for example using the clonal

secondary system MBD3 depletion increased the efficiency of reprogramming from 15% to

95% (~7 fold), while in the primary system MBD3 led to an increase from 0.15% to 1.5%

(~10 fold) [97,98]. So there is a net 100 fold increase in efficiency of wild type MBD3 just

by using the clonal secondary over the primary system. Another difference is the presence of

LIF and inhibitors against the GSK3b and MEK kinases in the media for the secondary

system [97], which differs from the conditions that are commonly used [83,98].

Surprisingly, depleting MBD3 prior to OSKM induction seems to decrease reprogramming

efficiency [83]. A positive effect on reprogramming was only reported when MBD3 was

depleted at the same time or, to a larger extent, two days after OSKM induction [97,98].

Nevertheless, MBD3 appears to be recruited by OSKM to promote the formation of

heterochromatin, counteracting the reprogramming process [97]. It is intriguing that the re-

introduction of MBD3 late in reprogramming had no inhibitory effects on the efficiency, as

if MBD3 is only interacting with OSKM at the “off-target” sites early during the process. It

is important to note that cells depleted from MBD3 still go through several cell divisions (~7

days), before they get converted to pluripotency [97]. This is different from the deterministic

mode of nuclear transfer, in which cells become converted within 48 hrs and without the

need to go through cell division [84]. Also of note, the exogenous OSKM expression in

MBD3 depleted cells was required for the same duration of time (5–7 days) as in wild type

MBD3 in order to generate iPSCs [97]. Altogether, these results indicate that in the absence

of MBD3, it would take OSKM at least five days to prime the somatic genome in a

synchronous fashion before they get silenced, leaving behind a self-sustaining pluripotency

program. So MBD3 does not appear to be enhancing the late deterministic phase but rather

synchronizing the early stochastic phase. It is to be determined whether the effect of MBD3

on reprogramming is specific to OSKM or can be expanded to other transcription factors. To

dissect the role of MBD3 from culture conditions, it is necessary to re-assess other

chromatin modifiers known to enhance reprogramming, under these altered conditions and

see if they have the same effects as MBD3.

Perspectives

Despite the short time since the discovery that OSKM can convert somatic cells to

pluripotency, we have learned a great deal by using the same concept with alternative

transcription factors in a wide range of cell types. Through these studies, the field of
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reprogramming came to appreciate the dependence of cell identity on the chromatin state of

the genome. Manipulating the chromatin state of the genome, however, has been largely

based on targeting general chromatin modifiers that show no cell-type specificity.

Understanding the cell-type specificity component of the chromatin barriers to

reprogramming such as H3K9me3 will greatly contribute to design factors that overcome

barriers only required for cell-type-specific conversion. Also, cellular conversion

experiments have been heavily reliant on phenotypic-based approaches by mixing factors in

their natural protein sequence and observing the cellular output. These factors have not

evolved to reprogram cells under culture conditions. It appears time to consider

mechanistically-based approaches to engineer reprogramming factors that efficiently convert

cells to the specific type of interest. Engineering factors with enhanced reprogramming

activity have been attempted by appending transactivation domains from alternative factors

such as MyoD and VP16 [99–101]. On top of trans-activation domains, pioneer factors such

as FoxA contain other functional domains to interact with nucleosomes, create

hypersensitive sites, move on chromatin, and stay bound to mitotic chromatin [13,102–104].

Thus, exploiting the pioneer activity of OSKM by dissecting which functions and domains

are essential or missing from the reprogramming factors may help to design better factor for

cellular conversion.
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Figure 1.
Reprogramming somatic cells to pluripotency is initiated by a stochastic phase followed by a

deterministic phase. The ectopic expression of OSKM in fibroblasts drives cells to go

through many pathways stochastically (represented by black arrows). Some of these routes

represent dead ends and others will lead to successful reprogramming (red arrow). The

transition phase (green arrow) is a hallmark of initiating a cascade of deterministic events

(blue arrows) resulting in fully reprogrammed iPSCs. The main pathways and processes that

define each phase are displayed on the left.
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