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Abstract (120 words) 
 
 
Cellular reprogramming using cocktails of transcription factors (TFs) affirms the epigenetic 
and developmental plasticity of mammalian cells. It demonstrates the ability of TFs to ‘read’ 
genetic information and to rewire regulatory networks in different cellular contexts. Silenced 
chromatin is not an impediment to the genome engagement by ectopically expressed TFs. 
Reprogramming TFs have been identified in diverse structural families that lack shared 
domains or sequence motifs. Interestingly, the reprogramming activity of non-redundant 
paralogous TFs can be switched with a few point mutations. These findings revealed that the 
sequence-function relationships influencing reprogramming are tied to subtle features 
directing genome wide binding. Therefore, endogenous reprogramming TFs are amenable to 
directed biomolecular engineering that opens up new avenues to optimize cell fate 
conversions. 
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Introduction 
 
Reprogramming experiments have demonstrated that small sets of TFs are capable of 
activating genes in cells where they would otherwise be permanently silenced. As a 
consequence, non-natural cell state conversions occur even between cells from distant 
developmental domains. This discovery showed that the specifications of cell fates that follow 
tightly controlled hierarchical transitions in vivo are in fact reversible. Reprogramming assays 
provide a powerful tool to study the sequence-structure-function relationships in 
transcriptional control. Specifically, the directed transdifferentiation of cells between different 
lineages (‘lineage reprogramming’) and the reprogramming of somatic cells to induced 
pluripotent stem cells (iPSCs, ‘pluripotency reprogramming’) have provided a system to study 
how successive changes to the binding landscape of reprogramming TFs, associated changes 
in chromatin and gene expression programs direct cell fate transitions. TFs that direct cell fate 
conversions are typically identified through the sampling of candidate molecules that define 
the desired target cell; i.e. factors expressed in embryonic stem cells drive the induction of 
pluripotency [1]. However, lineage-specifiers unrelated to the pluripotency network could 
also be successfully used to direct cellular reprogramming [2,3]. This raises the question 
whether it is not the biological role in the target cell that confers reprogramming capacity. 
Rather, the presence of distinctive structural features allowing for the penetration of the 
‘hostile’ epigenetic environment of the donor cells could endow a select group of factors to be 
able to master this feat. Indeed, it has been suggested that the pluripotency inducer Oct4, Sox2 
and Klf4 (abbreviated as OSK) possess so-called ‘pioneering’ activity [4,5]. Pioneer TFs are 
defined as being able to access DNA in the context of nucleosome core particles [6]. As a 
consequence, chromatin is de-compacted and associated genes are activated. Because 
chromatin remodeling is a hallmark of cell fate conversions, it is believed that reprogramming 
TFs must also be the pioneer factors [6]. However, reprogramming TFs could be identified 
from a large range of unrelated classes of TFs without any detectable structural similarity. 
Some factors within a family of paralogous TFs were defined to possess pioneering activity 
whereas closely related factors do not [4,7]. Here I discuss insights from the time-resolved 
epigenetic profiling of pluripotency and neural lineage reprogramming as well as studies that 
biochemically dissect reprogramming TFs. Further decoding of the structural requirement 
directing chromatin binding and cell fate reprogramming will enable the re-design of more 
potent catalysts of artificial cell fate transitions. 
 
 
Main text 
 
Genomic time lapse of reprogramming factors in action 
  
Detailed dissections of the cellular, genomic and molecular events during reprogramming 
uncovered mechanisms of how transcription factors bring about the radical changes 
associated with cell fate conversions [8-10]. Cataloging changes to gene expression programs 
has led to the definition of two transcriptional waves [11].  One is initiated immediately after 
the exogenous expression of reprogramming factors and is characterized by the 
mesenchymal-to-epithelial transition and the silencing of somatic genes. The second wave 
follows an extended transition period leading to the activation of the pluripotency gene 
expression network. A third ‘stabilization’ phase has been associated with the ultimate 
silencing of the ectopic transgenes [12].  
Chromatin immunoprecipitation sequencing (ChIP-seq) has been used to profile genome 
engagement by reprogramming factors at fine-grained resolution [4,13-16].   The occupancy 
pattern is highly dynamic and includes both permanently bound enhancers as well as sites that 
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are bound at restricted reprogramming stages (i.e. early, transient or late). The precise role of 
reprogramming TFs remains a subject of debate. In one view, OSK binding is highly sensitive 
to the epigenetic pre-disposition and the openness of their binding sites. It is suggested that 
DNA demethylation in many instances precedes Oct4 binding and that enhancers with primed 
H3K4me1 marks are preferentially targeted leading to the subsequent deposition of the 
activation mark H3K27ac [14]. Further, reprogramming TFs were reported to predominantly 
target pre-opened chromatin after their introduction into donor cells [14,15]. This leads to a 
multi-faceted interplay among the exogenous reprogramming factors (OSK) and the TFs that 
guard the somatic state [15]. A direct competition with somatic TFs and their active 
displacement from somatic enhancers was proposed to be a main consequence of OSK 
expression [15]. In this model chromatin changes precede OSK binding and accessibility is a 
main determinant for OSK occupancy [14,15].  
In an alternative model, OSK effectively bind closed chromatin and actively direct changes to 
chromatin states. A key challenge of monitoring chromatin changes is the very low efficiency 
of reprogramming experiments. In pluripotency reprogramming, only a small fraction of 
donor fibroblasts successfully converts into iPSCs. As a consequence, bulk cell population at 
different reprogramming stages contains a mixture of refractory cells and cells that will 
successfully reprogram. Three recent studies tackled this problem by using a highly effective 
chemically defined medium [17], by using surface markers to separate cells that successfully 
reprogram from cells that fail [16] or by depleting components of the NuRD repressor 
complex leading to near deterministic reprogramming [13]. One of these studies inferred OSK 
binding by interrogating the presence of binding DNA motifs in open regions as determined 
by ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) [17] whilst 
the two other studies integrated ATAC-seq and ChIP-seq for OS [16] or OSKM (OSK plus c-
Myc) [13]. Collectively, results indicate that OSK utilize full consensus motifs to 
predominantly target closed chromatin in MEFs whilst only a minor fraction is recruited to 
active and pre-opened chromatin. The DNA methylation state has no major impact on Oct4 
binding [16]. In this model, the compact chromatin of pluripotency enhancers containing 
nucleosome bound DNA is not a barrier for the initial genome engagement by reprogramming 
TFs (Figure 1). On the contrary, pre-opened somatic sites are devoid of OSK consensus 
motifs and only sparsely bound by OSK indicating indirect closing of these sites [13,16,17]. 
 The promiscuous recruitment of reprogramming factors to closed chromatin in MEFs leading 
to the widespread opening could rationalize such a passive silencing mechanism. This way, 
new and otherwise inaccessible sites become available to somatic TFs and leading to their 
gradual depletion at their native enhancers and silencing of associated genes (Figure 1).   
 
 
Are all cellular reprogramming systems driven by similar molecular events? 
 
A growing list of TF cocktails could also be used to directly interconvert somatic lineages 
[18,19].  The directed transdifferentiation of fibroblasts to neurons with a Brn2, Ascl1 and 
Myt1l (BAM) cocktail showed that even cell types from different germ layers could be trans-
differentiated with defined factors [20]. The basic helix-loop-helix (bHLH) factor Ascl1 is the 
most crucial component of this mix because it alone is able to accomplish neural lineage 
reprogramming albeit with reduced efficiency [21]. The potency of Ascl1 has been ascribed to 
its ability to pioneer the opening of chromatin. Shortly after its forcible expression, it targets 
E-boxes (short palindromic DNA elements preferred by all bHLH factors) regardless of their 
chromatin state [7,22]. This leads to chromatin opening within less than a day. The overall 
reconfiguration of the chromatin and the maturation of the neural gene expression program 
follow with a delay of several days or weeks [22]. The companion reprogramming factors 
Brn2 (a Pit-Oct-Unc (POU) family gene like Oct4) and Myt1l are unable to bind and open 
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closed chromatin. Nevertheless, at the onset of reprogramming, Myt1l still targets many 
locations that it would also bind in its ‘native’ neural environment [23]. Yet, Myt1l sites are in 
open chromatin and the Ascl1 driven pioneering does not markedly influence its binding 
pattern. Hence, the modus operandi of Ascl1 and Myt1l appears to be fundamentally different 
and mutually independent. Functionally, Myt1l actively represses non-neural genes (Figure 
1). Thus, Myt1l resolves the heterogeneity and counteracting somatic programs initially 
induced by Ascl1 [24].  
This poses the question as to whether pluripotency and lineage reprogramming follow 
fundamentally different trajectories or whether they are just different flavors of the same 
guiding principle (excellently reviewed in [25]).  The two processes share a number of 
features including the progression through multiple transcriptional waves, phenotypically 
ambiguous intermediary states and extensive re-configuration of the chromatin. Moreover, 
roadblocks and facilitators of pluripotency reprogramming were also found to affect lineage 
reprogramming. For example, suppression of the chromatin assembly factor-1 (CAF-1) not 
only substantially improved pluripotency but also lineage reprogramming [26]. Likewise, 
constitutively active SMAD2/3 was suggested as a broad scope reprogramming facilitator 
regardless of the system [27].  Collectively, a picture emerges that reprogramming entails 
promiscuous chromatin opening followed by the action of lineage specifying ‘safeguards’ (i.e. 
Esrrb in pluripotency) or repressors (i.e. Myt1l in neural inductions) leading to the dissipation 
of a ‘confused’ cell state and faithful lineage commitment (Figure 1). The presence of 
chromatin opening pioneer factors appears to be required for reprogramming competent factor 
cocktails. Lineage specific TFs act as reprogramming enhancers but are optional because in 
favorable milieus the fate specification can be directed by endogenously activated factors 
(Figure 1).  
 
 
The structural requirements for reprogramming capacity are unknown 
 
A select group of factors is able to pioneer cell fate conversions. One could thus expect that 
the comparison of sequences or structural features would allow for the discrimination of 
factors that accomplish this feat. Yet, distinguishing structural domains or sequence motifs 
could so far not be identified. Rather, reprogramming factors were identified in most of the 
major mammalian TF families and include structurally highly diverse proteins without 
obvious evolutionary relationships such as bHLH, bZip (basic leucine zipper), POU, HMG 
(high mobility group), C2H2 zinc fingers, forkhead and GATA family factors [18,19]. 
However, within a family only few members can reprogram despite a high degree of sequence 
conservation and barely distinguishable consensus DNA sequences. Therefore, subtle 
properties of individual otherwise highly similar TFs specify whether they could direct the 
regulatory programs for cell fate conversion.   
Sox2, Oct4 and Klf4 were reported to bind in vitro assembled nucleosome core particles with 
high affinity [5]. Yet, in a nucleosome context the curvature of the DNA changes and parts of 
cognate binding sequences are occluded by histone proteins. Thus, the binding configuration 
and the sequence specificity in a nucleosome context are expected to deviate from the 
available models for isolated TF:DNA complexes. Structures of the DNA binding domains 
bound to cognate DNA binding sites are available for most classes of TFs [28]. However, no 
structures of TFs bound to nucleosomes could so far be elucidated.  
An elegant combination of biochemical and genomic techniques showed that a subset of 
otherwise intractable binding sites of Sox2 on nucleosomes is made accessible by PARP-1 
[29]. The rotational phasing of Sox elements within nucleosomal DNA determines whether 
the binding is PARP-1 dependent or independent. This study indicates that pioneer activity is 
conditional and relies on the presence of co-factors as well as the position of binding elements 
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within the nucleosomal context. 
 
 
Reprogramming activity can be switched with point mutations  
 
 Mutagenesis and domain mapping studies have begun to decode sequence-function 
relationships endowing individual TFs with reprogramming activities with a focus on Sox, 
POU and bHLH families TFs [30,31]. The comparison of reprogramming competent with 
incompetent members from paralogous families led to important insights. For example, the 
ectopic expression of MyoD, a bHLH factor, can reprogram fibroblasts to myoblasts [32]. The 
ubiquitous bHLH factor E12 is normally incapable of this feat but the exchange of three 
amino acids with MyoD bestowed E12 with myogenic activity [32].   
In OSKM cocktails for iPSC generation, Sox2 can be replaced by its most closely related 
homologues Sox1, Sox3 and Sox15 but not by more distantly related Sox genes such as 
Sox17 [33-35]. Efforts to convert Sox17 into an iPSC inducer by swapping N or C-terminal 
domains with Sox2 failed [33]. However, interchanging glutamate 57 of helix 3 of the HMG 
box of Sox17 or Sox7 with the corresponding lysine 57 of Sox2 converts Sox17 into a high 
performance inducer of pluripotency in mouse or human cells (factors referred to as Sox17EK 
or Sox7EK) [33,34]. Mechanistically, this amino acid swap changes the DNA dependent 
heterodimerisation with Oct4 on alternative versions of composite SoxOct DNA elements 
[34,36-38]. Sox2, and the engineered Sox17EK protein, associate with Oct4 on the canonical 
SoxOct motif, which is found in the enhancers of many pluripotency genes. By contrast, 
Sox17/Oct4 dimers are preferentially formed on ‘compressed’ variants of the SoxOct element 
where one nucleotide separating Sox and Oct half-sites is eliminated. The compressed SoxOct 
element is found in enhancers of genes expressed during the differentiation of primitive 
endoderm [39].  
Likewise, under standard reprogramming conditions, other POU family members such as 
Oct1 or Oct6 cannot replace Oct4 [35]. Mutational analysis of Oct4 showed a loss of 
reprogramming only for residues within the DNA binding domain but not for residues within 
the N or C termini of the protein [40]. Identifying functionally critical elements within its 
DBD is challenging for the bi-partite nature of the POU domain and the presence of a poorly 
conserved linker. Domain swaps and amino acid exchanges between Oct4 and Oct6 indicated 
that the linker connecting the two subdomains of the POU confers some unique function to 
Oct4 [41-43]. Oct6 could recently be converted into a pluripotency inducer by modifying 
several structural interfaces albeit the reprogramming efficiency of engineered Oct6 does not 
match wild type Oct4 [42]. One of the critical modifications reduces the preference of Oct6 to 
homodimerise on a palindromic DNA element termed MORE (more octamer recognition 
elements) leading to a preference for heterodimerization with Sox2 on SoxOct DNA.  
Single molecule tracking studies provided detailed insights as to the enhanceosome assembly 
in pluripotent cells [44]. Protein complexes at Klf4 enhancer are formed in a hierarchical 
fashion initially nucleated by the Sox2/Oct4 complex. Subsequently, the TFs Esrrb and Stat3 
and non-DNA binding factors such as p300 are recruited. Sox2 and Oct4 have a longer 
residence time on chromatin than other TFs presumably because of their direct dimerization 
on specific DNA sequences. Whether this dimerization is also required for their pioneer 
activity at the onset of reprogramming or only for enhanceosome assembly in pluripotent cells 
is currently unclear. 
Collectively, reprogramming factors rely on specific molecular interfaces that mediate protein 
partnerships in the context of specific DNA sequences. These partnerships influence site 
selection in the context of chromatin. By contrast, transactivation domains and residues 
involved in the direct base readout of DNA sequences are unlikely candidates to set 
reprogramming factors functionally apart. Whilst the fusion proteins of reprogramming 
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factors with potent transactivation domains can accelerate and enhance reprogramming, they 
do not change reprogramming trajectories [45-50].  The uniqueness of reprogramming TFs is 
predominantly hardwired in their DNA binding domains. Sequence substitutions to these 
domains globally change the profile of chromatin engagement at the onset of reprogramming 
in an overall promiscuous but ‘lineage biased’ manner (Figure 1). 
 
 
Outlook: Lessons for re-designing reprogramming factors 
 

Recent genomic studies indicate that genomic and cellular events concomitant with 
pluripotency and lineage reprogramming are more similar than previously thought. This could 
explain why closely related factor combinations could be used to reprogram different lineages 
(such as the cocktails for iPSC generation (Oct4, Sox2, Klf4, c-Myc [1]) and 
transdifferentiation to neural progenitors (Brn4, Sox2, Klf4, c-Myc [12]). Nevertheless, 
reprogramming factors were identified from many TF families (reviewed in [18,19]). These 
factors lack shared molecular features other than structurally diverse domains mediating 
sequence-specific DNA recognition. A biological function in the target cell is not a necessary 
condition for reprogramming activity as demonstrated by the replacement of pluripotency 
reprogramming factors with lineage specifiers (‘seesaw model’) and the ability of the 
pluripotency factor Oct4 to also induce post-mitotic neurons [2,3,51]. This raises the question 
whether certain TF classes can be ‘tuned’ so they work for any donor/target cell combination. 
The common application of the OSKM cocktail in cell activation signalling directed (CASD) 
reprogramming approach has first outlined this possibility [52]. However, lineage-tracing 
experiments suggested that OSKM driven reprogramming transits through a pluripotent state 
before differentiating into a target lineage [53,54]. Such a pluripotent intermediate state could 
pose a safety concern for regenerative medicine application.  

The activity of reprogramming TFs can be switched and enhanced with a limited number of 
point mutations. Therefore, modifications to existing TF scaffolds could suffice to navigate 
the starting cell population into any desired direction. Taking advantage of this finding, we 
have recently established a screening method termed directed evolution of reprogramming 
factors by cell selection and sequencing (DERBY-seq) [55]. DERBY-seq enables the 
discovery of artificially evolved and enhanced transcription factors (eTFs) from libraries 
generated by randomizing critical molecular interfaces. eTFs are discovered by performing 
reprogramming experiments with pooled libraries, sorting reprogramming and non-
reprogramming cells using phenotypic read-outs followed by genotyping through amplicon 
sequencing (Figure 2). If the feasibility of DERBY-seq could also be demonstrated in lineage 
reprogramming, an all-purpose solution for TF mediated reprogramming and 
transdifferentiation could be provided by a pooled library of molecular scaffolds capable of 
potently binding and activating the closed chromatin of the donor cells (Figure 2).  Some 
members of these libraries will have the capacity to generate plastic intermediates biased 
towards the desired lineage (Figure 2). The maturation of the lineage would next be 
safeguarded by cues inherent to culture conditions and endogenously activated regulatory 
networks. Further insights into the sequence function relationships dictating chromatin 
engagement, target gene selection, and regulation would accelerate TF re-engineering by 
better-informed designs. The ultimate goal would be a library of tailored TF scaffolds from 
which cocktails could be selected governing the interconversion of any given donor/target cell 
combination.  
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Figure legends 

 

 
 

Figure 1: Scheme for TF driven reprogramming 
The ability to bind closed and silenced chromatin appears to be a hallmark feature of both 
pluripotency and lineage reprogramming TFs. They only moderately bind donor cell 
enhancers and the somatic silencing occurs mainly by a passive re-distribution of donor cell 
TFs to newly opened locations. The initial genome engagement by reprogramming TFs is 
rather promiscuous but biased towards a certain lineage because of sequence specificities 
conferred by the DNA binding domains of the individual factors which can be profoundly 
influenced by TF dimerization.  The maturation of a certain lineage depends on lineage 
safeguards (eg. Myl1 or Esrrb) that can either be provided as accessory components of the 
reprogramming cocktail or endogenously activated.  
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Figure 2: Towards an all-purpose reprogramming strategy based on the selection of 
artificially enhanced TFs from pooled libraries 
 
Reprogramming TFs can be tailored by modifying their molecular interfaces and even point 
mutations can allow individual TFs to acquire new functions. Therefore, the structural 
scaffolds of endogenous reprogramming TFs could be modified to produce all-purpose 
libraries. These libraries can be screened for any given donor/target cell combinations to 
select for cocktails of artificially evolved and enhanced TFs (eTFs) that drive the desired cell 
fate conversion.  
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Annotated reference from last 2 years: 
 
**Chronis .. Plath, 2017 
‘In depth epigenetic characterization of four states during the mouse pluripotency reprogramming reporting that 
somatic TFs collaborate with OSKM on various set of binding sites including somatic enhancers and they only 
successively arrive at pluripotency enhancers.  
 
**Knaup .. Polo, 2017 
‘Interrogation of OS binding and epigenetic changes during mouse pluripotency reprogramming after sorting of 
reprogramming and non-reprogramming cells reveals the direct targeting of closed chromatin in fibroblasts 
bearing consensus SOX and POU motifs regardless of the underlying methylation state.’ 
 
**Zviran .. Hanna, 2017 
‘Using a near-deterministic mouse iPSC generations system OSKM driven reprogramming was epigenetically 
dissected day-by-day indicating that OSK, but not M, predominantly bind enhancers that are closed in MEFs 
leading to the removal of repressive epigenetic marks followed by chromatin opening.’ 
 
**Li .. Pei 2017 
‘Time resolved ATAC-seq study using a highly efficient chemically defined mouse iPSC generation system 
showing that OSK indirectly closes somatic enhancers via SAP30 and actively directs the opening of closed 
chromatin mediated by canonical DNA sequence motifs.‘ 
 
*Mall..Wernig,2017 
‘Demonstration that Myt1lacts as a ‘many-but-one’ repressor inhibiting lineages except the neuronal one; 
counteracting the promiscuous pioneering activity of Ascl1.’ 
 
**Wapinski .. Chang , 2017 
‘Time resolved ATAC-seq study during the transdifferentiation of murine fibroblasts to neurons showing that 
Ascl1 is able to bind E-box motifs in closed chromatin leading to rapid opening including sites not associated 
with neuronal genes.’ 
 
*Liu .. Kraus, 2017 
‘Demonstration that the interaction with PARP1 is necessary for the binding of Sox2 to specific subsets of DNA 
binding sites in the context of inaccessible chromatin with high nucleosome occupancy’ 
 
**Xie .. Tjian 2017 
‘Demonstration that Sox2/Oct4 binding nucleates an enhanceosome regulating Klf4 by facilitating the target 
search of Essrb and Stat3. Constructive assembly requires precisely grafted enhancer architecture. ‘ 
 
* Jerabek .. Jauch, 2017 
‘This study shows that Oct4 evolved a reduced preference to homodimerise on palindromic DNA sequences 
compared to somatic POU factors. This insight led to the conversion of Oct6 into a pluripotency inducer by 
protein engineering.’  
 
*Ruetz .. Kaji 2017 
‘Constitutively active Smad2/3 were shown to facilitate not only pluripotency but also lineage reprogramming 
thus suggesting a shared mechanism for cell fate conversions.’ 
 
*Chen..Gao, 2016 
This study profiles Oct4 binding and chromatin changes during mouse pluripotency reprogramming at high 
resolution and highlights a multitude of intricate binding patterns and a preference of Oct4 for primed and open 
enhancers. 
 
*Veerapandian..Jauch, 2018 
‘Demonstration that transcription factors are not optimally adapted to artificial reprogramming conditions but 
can be enhanced by directed evolution using the phenotype of reprogramming cells as readout. 
 
**Tsunemoto..Baldwin, 2018 
This study shows that multiple transcription factor pairs, including the pluripotency gene Oct4, are able to induce 
the transdifferentiation of fibroblasts to post-mitotic neurons (iN). The resulting cells exhibit nuanced differences 
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in their expression signatures that depend on the donor TF pairs suggesting that neural subtypes can be produced 
by subtle modifications to the two-factor cocktail. 
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