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Abstract

Coordinated changes in gene expression allow for the single fertilized oocyte to develop into a 

complex, multi-cellular organism. These changes in expression are controlled by transcription 

factors that gain access to discrete cis-regulatory elements in the genome, allowing them to 

activate gene expression. While nucleosomes present barriers to transcription-factor occupancy, 

pioneer transcription factors have unique properties that allow them to bind DNA in the context of 

nucleosomes, define cis-regulatory elements and facilitate the subsequent binding of additional 

factors that determine gene expression. In this capacity, pioneer factors act at the top of gene 

regulatory networks to control developmental transitions. Nonetheless, developmental context also 

influences pioneer-factor binding and activity. Here we discuss the interplay between pioneer 

factors and development, both their role in driving developmental transitions and the influence that 

cellular environment has on pioneer-factor binding and activity.

During development, a single DNA genome is differentially interpreted to give rise to all of 

the distinct cell types of the organism. This process is mediated by sequence-specific, DNA-

binding transcription factors that occupy discrete cis-regulatory regions and drive gene 

expression. However, the histone proteins that package the genome into chromatin limit the 

ability of many transcription factors to bind the underlying DNA (Luger et al., 1997; Zhu et 

al., 2018). A specialized class of transcription factors, termed pioneer factors, are uniquely 

capable of binding to histone-wrapped DNA, establishing accessible chromatin domains and 

facilitating the binding of additional transcription factors (reviewed in Zaret, 2020). These 

distinctive properties enable pioneer factors to define the cis-regulatory regions that are 

subsequently bound by additional transcription factors to drive gene expression. In this 

capacity, pioneer factors act at the top of gene-regulatory networks to affect transitions in 

cell fate. The unique features of pioneer factors contribute to their ability to drive 

reprogramming events both in culture and during development, as well as to their role in 

developmental diseases and cancer when mutated or misexpressed.

Pioneer factors are able to target DNA on the surface of nucleosomes, allowing them to bind 

regions of chromatin that are inaccessible to other transcription factors. Despite this shared 
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central feature, pioneer factors utilize a multitude of different protein domains for this 

purpose (Fernandez Garcia et al., 2019). These domains enable pioneer factors to recognize 

specific DNA motifs even within the context of nucleosomes and can also allow for non-

specific affinity for nucleosomes. Indeed, nonspecific nucleosome interactions may be 

essential for the function of some pioneer factors (Lerner et al., 2020). Systematic studies of 

interactions between transcription factors and nucleosomes identified diverse modes of 

binding, including some factors that bind to the nucleosomes dyad access and others that 

bind to the edge or across the DNA gyres (Zhu et al., 2018). Together these biochemical 

studies reflect the fact that nucleosome binding by pioneer factors is not achieved by a single 

mechanism (Zaret, 2020). Pioneer factors similarly use a diversity of mechanisms to drive 

chromatin accessibility, including partially unwrapping DNA from the nucleosome, 

inhibiting inter-nucleosome interactions, evicting histones and recruiting ATP-dependent 

chromatin-modifying enzymes (Zaret, 2020). While pioneer factors engage silent regions of 

chromatin using a variety of methods, this intrinsic biochemical property is a necessary 

feature that determines their ability to drive cell fate and cellular reprogramming.

Despite the specialized properties of pioneer factors, they do not occupy all the sequences in 
vivo that they can bind in vitro, and binding is often cell-type specific. Indeed, studies of 

pioneer factors at multiple stages of development have begun to elucidate barriers to 

pioneer-factor binding and function, and it has become evident that pioneer factors often 

cooperate with additional factors to drive changes in gene expression. To understand the 

cell-type specific differences in pioneer-factor binding and function, it has been important to 

complement biochemical experiments with functional studies of these factors over 

development. We have therefore focused this review on pioneer factors during development 

and refer you to a number of recent comprehensive reviews on the molecular mechanisms by 

which pioneer factors engage chromatin (Iwafuchi-Doi, 2019; Mayran and Drouin, 2018; 

Zaret, 2020). We discuss a subset of the major developmental transitions regulated by 

pioneer factors, provide examples of the role of developmental context in influencing 

pioneer-factor binding and activity, define specific barriers to pioneer-factor function and 

provide examples of how misexpression of pioneer factors can lead to disease.

Pioneer factors in developmental transitions

Dramatic changes in the transcriptome are required to drive developmental transitions. The 

ability of pioneer factors to access their binding sites even within the context of a 

nucleosome makes them uniquely capable of broadly restructuring chromatin accessibility, 

shifting the transcriptional profile of the cell and, in so doing, driving changes in cell fate. 

The original identification of pioneer factors was based on their role in liver development. 

Studies of the liver-specific alb1 enhancer identified FoxA and Gata4 occupancy in the 

embryo, well before gene expression was activated, suggesting that early these factors 

primed the gene for later expression (Gualdi et al., 1996). FoxA was shown to bind 

nucleosomes and create nuclease accessible regions in nucleosome arrays (Cirillo et al., 

2002) and along with Gata4 is required for hepatic induction from endoderm (Lee et al., 

2005). Since this original identification, numerous additional developmental transitions have 

been found to be regulated by transcription factors with pioneering activity.
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Pioneer transcription factors are required for reprogramming of specified cell types to 

pluripotency both in culture and during early embryonic development (Figure 1). Over 

development, differentiated cells rarely return to a less differentiated state. Nonetheless, in 

culture, a cocktail of transcription factors (Oct4 (Pou5f4), Sox2, Klf4, and c-Myc; OSKM) 

reprograms mouse or human differentiated fibroblasts to induced pluripotent stem cells 

(iPSC) (Takahashi and Yamanaka, 2006). This reprogramming necessitates both the 

silencing of the fibroblast regulatory network and the activation of genes that drive 

pluripotency. Oct4, Sox2, and Klf4 (OSK) are required for silencing somatic enhancers as 

well as activation of pluripotency enhancers (Chronis et al., 2017). They function as pioneer 

factors, binding to closed chromatin and facilitating c-Myc binding (Soufi et al., 2012). The 

ability of OSK to access closed chromatin during reprogramming reflects their ability to 

bind nucleosomes in vitro, which is achieved by recognition of partial DNA motifs exposed 

on nucleosomes (Soufi et al., 2015). While each of these factors have essential features of 

pioneer factors, they do not function entirely independently and cooperative interactions 

amongst these factors are required to stabilize interactions with the genome. Thus, multiple 

pioneer factors function together to drive reprogramming in culture.

Pioneer factor-mediated reprogramming in culture is a slow and inefficient process that takes 

weeks with only a small subset of cells converting to pluripotency. By contrast, a similar, but 

much more rapid and efficient process takes place immediately following fertilization as the 

specialized germ cells are reprogrammed to the totipotent cells of the early embryo. This 

conserved developmental transition is initiated by maternally deposited mRNAs and 

proteins, and the zygotic genome is largely transcriptionally silent. The gradual activation of 

transcription from the zygotic genome is coordinated with the degradation of the maternal 

products during this maternal-to-zygotic transition (MZT). Pioneer factors drive the 

reprogramming of the zygotic genome during these initial steps of development. In 

Drosophila, Zelda is essential for activating transcription from the zygotic genome and 

therefore development beyond the MZT (Harrison et al., 2011; Liang et al., 2008). Zelda is a 

maternally encoded pioneer factor necessary for maintaining or establishing chromatin 

accessibility at the cis-regulatory elements that drive the initial wave of zygotic gene 

expression (McDaniel et al., 2019; Schulz et al., 2015; Sun et al., 2015). Indeed, Zelda-

mediated chromatin accessibility facilitates the binding of additional transcription factors 

necessary for patterning the early embryo (Xu et al., 2014; Yamada et al., 2019; Yáñez-Cuna 

et al., 2012). In zebrafish and frogs, orthologs of the reprogramming factors Sox2 and Oct4 

are instrumental in activating the zygotic genome (Gentsch et al., 2019; Lee et al., 2013; 

Leichsenring et al., 2013). In zebrafish, Pou5f3 (Oct4), Sox19b and Nanog activate 

expression of the zygotic genome, and loss of all three factors leads to decreased chromatin 

accessibility at developmental enhancers (Miao et al., 2020; Pálfy et al., 2020; Veil et al., 

2019). In Xenopus, Pou5f3 (Oct4) and Sox3 similarly remodel condensed chromatin at 

regulatory elements allowing the zygotic genome to be activated (Gentsch et al., 2019). 

Zygotic genome activation in Xenopus also relies on the additional pioneer factor Foxh1, 

which primes enhancers for activation and is required for the subsequent binding of 

additional transcription factors (Charney et al., 2017; Paraiso et al., 2019). In mammals, it is 

likely that multiple activators function together to drive expression from the zygotic genome. 

In both mice and humans, members of the DUX family of transcription factors activate 
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hundreds of genes expressed during zygotic genome activation, similar to the role of pioneer 

factors in the early development of other species (Hendrickson et al., 2017; Iaco et al., 2017; 

Whiddon et al., 2017). In human myoblasts, DUX4 functions as a pioneer factor, opening 

regions of chromatin and driving transcription (Choi et al., 2016). Furthermore, Dux 

expression in mouse embryonic stem cells (mESCs) drives changes in chromatin 

accessibility and gene expression that are similar to the totipotent, two-cell (2C) embryo 

(Hendrickson et al., 2017). Thus, in vertebrates and invertebrates pioneer factors drive the 

cellular reprogramming that takes place during the initial stages of development.

Beyond reprogramming to pluripotency, pioneer factors mediate the transcriptional changes 

that control additional developmental transitions and function to define tissue-specific fates 

(Figure 1). As an organism develops, cells gradually become more differentiated, and this 

cell-type specification is driven by proteins with pioneering activity. These developmental 

transitions can be reflected in culture, such as the shift from the naïve pluripotency of 

embryonic stem cells (ESC) to the primed pluripotency of epiblast-like cells (EpiLCs), 

which is instructed by pioneer factors, including Oct4, Sox2 and Nanog (Buecker et al., 

2014). The pioneer factor Grainy head like-2 (GRHL2) also functions during this transition 

to define novel enhancers and maintain gene expression as cells exit naïve pluripotency 

(Chen et al., 2018). The paradigmatic pioneer factor, FoxA1, is instructive in hepatic 

differentiation and functions by opening chromatin at tissue-specific enhancers (Cirillo et al., 

2002; Gualdi et al., 1996). Demonstrating that the pioneering activity of FoxA factors is 

required for development, a protein domain in the Forkhead box family member FoxA2 

important for interactions with nucleosomes is essential for embryonic development and 

FoxA2-mediated gene expression (Iwafuchi et al., 2020). In pituitary development, Pax7 

expression drives intermediate lobe identity fate by both pioneering at a subset of enhancers 

and more rapidly activating another subset of enhancers (Budry et al., 2012; Mayran et al., 

2018). Pioneer factors are similarly required for the conversions in cell fate required for 

direct-lineage reprogramming (Morris, 2016). For example, Ascl1 gains access to fibroblast 

chromatin and is necessary for the transdifferentiation of fibroblasts to neurons (Wapinski et 

al., 2017). While this is by no means an exhaustive list of pioneer factors nor their role in 

development, these examples highlight the important role that pioneer factors play in 

defining cell-type specific enhancers and directing the transcriptional changes necessary to 

drive developmental transitions.

Pioneer factor occupancy and activity is developmentally regulated

Despite the unique ability of pioneer factors to bind silenced regions of the genome, in cells 

pioneer factors bind only a subset of their defined sequence-recognition motifs and these 

binding sites differ depending on cell type. Genome-wide mapping of OSK occupancy and 

gene expression dynamics throughout reprogramming revealed distinct binding during early 

and late stages of reprogramming (Chronis et al., 2017). Widespread reorganization of Oct4 

genomic occupancy is also evident as cells transition from naïve to primed pluripotency 

(Buecker et al., 2014). Similarly, the pioneer factor FOXA2 exhibits cell-type specific 

binding when assayed across several different human cell lines, including liver carcinoma 

(Hep2), lung carcinoma(A549), and ESC-derived endoderm (dEN). Even upon ectopic 

expression, FOXA2 does not bind the same set of sites or motifs in all cell types, and DNA 
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sequence is insufficient to direct FOXA2 binding as it only binds 6–14% of its recognition 

motifs in any given cell type (Donaghey et al., 2018). Mouse FoxA2 also demonstrates cell-

type specific binding during in vitro differentiation from ESC to definitive endoderm 

(Cernilogar et al., 2019). A majority (>65%) of FOXA1 binding sites differ between those 

identified in the breast cancer MCF7 cell line and those in the prostate cancer LncaP cell 

lines, and in MCF7 cells only 3.7% of FOXA1 recognition motifs are bound (Lupien et al., 

2008). These cell-type specific differences in pioneer factor occupancy occur largely at 

enhancers (Lupien et al., 2008; Mayran et al., 2018). Chromatin accessibility at enhancers is 

more correlated with tissue-specific gene expression than accessibility of promoters, which 

are often accessible even in tissues in which the gene they regulate is not expressed 

(Reddington et al., 2020). Together, these data indicate that pioneer-factor binding is context 

dependent and that they function preferentially to regulate chromatin accessibility at 

enhancers to drive cell-type specific patterns of gene expression.

While the majority of pioneer factors show tissue-specific genomic occupancy, in 

Drosophila Grainy head binds to the majority of the same loci throughout embryonic 

development and in larval tissues (Jacobs et al., 2018; Nevil et al., 2017). Similarly, 

throughout the reprogramming events in the early Drosophila embryo Zelda remains bound 

to same regions of the genome. Furthermore, Zelda binding at this time in development is 

distinctive as compared to other pioneer factors in that it is driven largely by DNA sequence 

with 64% of the canonical recognition motifs occupied at the earliest time point (Harrison et 

al., 2011). Thus, while there are some factors that show distinctive binding properties, 

overall it is clear that developmental context influences pioneer factor genomic occupancy 

and that specific chromatin features act as barriers even to pioneer-factor binding.

Developmental context not only affects pioneer-factor binding, but also influences pioneer-

factor activity in establishing accessible chromatin. One defining feature of pioneer factors is 

their ability to determine regions of accessible chromatin. However, even in an individual 

cell type not every pioneer factor-bound locus requires the pioneer factor for accessibility. In 

the early Drosophila embryo, Zelda is only required for chromatin accessibility at a subset of 

the sites it occupies (Schulz et al., 2015; Sun et al., 2015). Similarly, while induction of 

either FOXA2 or the melanotrope-specifying pioneer factor Pax7 result in many sites that 

gain accessibility, there are many more binding sites that remain inaccessible and therefore 

resistant to pioneer function (Donaghey et al., 2018; Mayran et al., 2018). This locus-

specific requirement of a pioneer factor indicates that additional features within the cell can 

influence pioneer-factor activity. The necessity of a pioneer factor for defining accessible 

cis-regulatory regions may also vary depending on developmental context. While Grainy 

head occupies largely the same genomic sites in tissues assayed through days of 

development, Grainy head is only necessary for defining regions of open chromatin in the 

late-stage Drosophila embryo and the larvae. Earlier in development Grainy head is 

dispensable for chromatin-accessible regions (Jacobs et al., 2018; Nevil et al., 2020). 

Together these examples highlight that both pioneer-factor binding and activity are regulated 

by cell-specific features that vary with developmental stage. These pioneer-factor extrinsic 

features include chromatin structure and cofactor expression (Figure 2).
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Chromatin influences pioneer-factor occupancy and activity

Pioneer factors are capable of binding silenced chromatin and defining accessible cis-

regulatory regions. However, the fact that in cells pioneer factors occupy only a subset of 

their binding motifs demonstrates that DNA sequence alone is insufficient to direct binding 

and there must be specific cellular features that influence pioneer-factor binding. One such 

feature is the chromatin structure, including histone variants and post-translational 

modifications to both the DNA and histones that wrap the DNA (Figure 2B). Specific post-

translational modifications on histones, such as methylation of histone H3 on lysine 9 

(H3K9me3), act as barriers to pioneer-factor binding. For example, heterochromatic regions 

containing H3K9me3 are refractory to OSK binding (Soufi et al., 2012). These limitations to 

pioneer-factor binding likely influence reprogramming efficiency as knockdown of the 

enzyme that deposits H3K9me3 both facilitates OSK binding and increases reprogramming 

efficiency (Onder et al., 2012; Soufi et al., 2012). Additional chromatin barriers to 

reprogramming exist and limit pioneer-factor binding. A chemical screen demonstrated that 

inhibiting proteins that influence H3K27 and H3K79 methylation can increase 

reprogramming efficiency, enhance OCT-factor occupancy of regulatory regions for 

pluripotency genes and even allow additional transcription factors to substitute for OCT4 in 

this process (Kim et al., 2020). Thus, multiple histone modifications act as epigenetic 

impediments to OCT4 binding and, in so doing, limit efficient reprogramming. FOXA1 

binding is similarly preferentially excluded from regions enriched for H3K9 methylation 

(Lupien et al., 2008). DNA methylation is another chromatin feature associated with 

repressive chromatin, but unlike H3K9 methylation does not act as a barrier to chromatin 

binding by either Pax7 or FOXA2 (Donaghey et al., 2018; Mayran et al., 2018).

It is less clear whether there are chromatin marks that actively promote pioneer-factor 

binding. Methylation of H3K4 is part of a lineage-specific epigenetic signature that is 

correlated with cell-type specific recruitment of FOXA1 to chromatin, suggesting this 

histone modification may promote FOXA1 occupancy (Lupien et al., 2008; Wang et al., 

2015). Regions bound by FoxA2 during in vitro endoderm differentiation are similarly 

somewhat enriched for marks of active chromatin in ESC (Cernilogar et al., 2019). Most 

pioneer factors, like FOXA2, GATA4, and OSK, predominantly bind to regions devoid of 

both activating and repressive modifications (Donaghey et al., 2018; Soufi et al., 2012). The 

neurogenic reprogramming pioneer factor Ascl1 preferentially localizes to chromatin with 

H3K4me1, H3K27ac, and H3K9me3, and the enrichment for this trivalent set of histone 

modifications helps to determine cell-type specific occupancy (Wapinski et al., 2017). 

Together these data suggest that pioneer factors are generally excluded from binding to 

actively silenced, heterochromatic regions, but factor-specific preferences in chromatin 

binding exist.

In addition to only binding a subset of their recognition motifs in vivo, once bound pioneer 

factors do not drive accessibility at all occupied genomic regions. For example, upon Pax7 

induction there are a subset of loci that are bound by Pax7, but resistant to Pax7-mediated 

chromatin opening. These regions are enriched for markers of definitive heterochromatin 

and for binding of the insulator CTCF (Mayran et al., 2018). Therefore, in addition to 
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shaping DNA binding, pre-existing chromatin state can influence the ability of a pioneer 

factor to open chromatin once bound.

Chromatin structure changes dramatically during development, facilitating the necessary 

widespread changes in gene expression. While pioneer factors are major drivers of these 

chromatin changes, evidence supports a role for repressive chromatin structure in limiting 

both pioneer-factor binding and activity. Understanding the barrier that pre-existing 

chromatin structure plays in pioneer-factor mediated reprogramming will have important 

implications in both development and disease.

Cell-type specific pioneer factors and lineage-specific transcription factors cooperate to 
define developmental enhancers

Another major cell-type specific feature that regulates pioneer-factor occupancy and activity 

is the set of additional transcription factors expressed in any given cell type. Based on the 

canonical definition of pioneer factors, lineage-specific transcription factors bind to the cis-

regulatory regions made accessible by the pioneer factor and activate gene expression 

(Figure 2A). Thus, the complement of lineage-specific factors expressed in any cell type will 

determine the pioneer-factor mediated gene expression profile. However, these lineage-

specific factors can also enable pioneer-factor binding to novel genomic loci, stabilize 

transient binding and facilitate chromatin accessibility at pioneer-factor bound regions.

In many developmental contexts, multiple factors with pioneering function are required to 

drive changes in cell fate. Notably, reprogramming of both mouse and human cells in culture 

requires a cocktail of proteins with pioneer-factor activity (OSK) (Figure 3A) (Chronis et al., 

2017; Soufi et al., 2012). Highlighting the importance of interactions amongst these pioneer 

factors in driving genome occupancy, analysis of Klf4-binding sites both in the presence and 

absence of Oct4 and Sox2 revealed Klf4 was dependent on these factors for genomic 

occupancy at a large number of loci during reprogramming. Similarly, analysis of Oct4 and 

Sox2 binding in the absence of other factors further demonstrated that while each factor has 

some individual activity, cooperative binding of OSK is necessary for genomic targeting 

during reprogramming (Chronis et al., 2017). Furthermore, while each factor is required for 

chromatin accessibility at a subset of loci, collaboration amongst all three factors is essential 

for defining enhancers of pluripotency genes (Chronis et al., 2017; Li et al., 2017). The 

reprogramming of the early embryonic genome in zebrafish similarly requires the 

cooperative function of multiple factors (Nanog, Pou5f3 (Oct4) and Sox19b), which function 

synergistically to establish chromatin accessibility and activate transcription (Gao et al., 

2020; Lee et al., 2013; Miao et al., 2020; Pálfy et al., 2020; Veil et al., 2019). At some 

regions these factors co-bind to elicit open regions of chromatin, while at others individual 

factors function independently. It is likely that genomic reprogramming in the early 

mammalian embryo similarly requires multiple pioneering factors. While DUX drives a 

gene expression program similar to that of the totipotent two-cell embryo, it is not absolutely 

required for mouse development, suggesting additional factors can function in its absence to 

activate the zygotic genome (Chen and Zhang, 2019; De Iaco et al., 2020). These examples 

demonstrate the requirement for multiple pioneer factors in reprogramming the specified 

genome and establishing pluripotency both in culture and in the early embryo.
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Pioneer factors can be redirected to new genomic loci by cell-type specific proteins. Pioneer 

factors essential for driving pluripotency and reprogramming, including Oct4, Sox2 and 

Nanog, are also essential for the transition from naïve to primed pluripotency in culture. As 

naïve ESCs transition to primed epiblast-like cells (EpiLC), Oct4 binding is widely 

reorganized at distal enhancers. The Oct4 motifs underlying bound regions in both cell-types 

are similar, suggesting features beyond DNA-sequence recognition are driving these 

widespread changes in pioneer-factor binding. Motif searches suggest that interactions with 

additional factors shape the changes in binding. Recognition motifs for factors known to 

function with Oct4 in pluripotency, including Esrrb and Klf4, were enriched near strong 

Oct4-binding sites in ESC (Buecker et al., 2014). Indeed, Esrrb expression can facilitate 

binding of OSK to pluripotency enhancers during reprogramming, supporting a role for this 

ESC-expressed transcription factor in guiding pioneer-factor binding (Chronis et al., 2017). 

Binding motifs for other factors, Otx2 and Zic2/3, were associated with Oct4 binding in 

EpiLC. Upon overexpression in ESC, Otx2 can access a subset of its EpiLC-binding sites 

and globally redirect Oct4 binding, providing a mechanism for the differential roles of Oct4 

in regulating naïve and primed pluripotency (Buecker et al., 2014). These examples 

highlight how the cohort of cofactors expressed in a given cell type along with the sequences 

they bind can influence pioneer-factor occupancy and, in so doing, redefine the cellular 

transcriptional landscape.

While in some cases cofactors may redirect pioneer-factor binding in a tissue-specific 

manner, cofactors can also serve to stabilize weak interactions with the genome (Figure 2C). 

The pioneer factor FOXA2 demonstrates cell-type specific binding. Loci that are strongly 

enriched for binding in derived definitive endoderm cells showed a low signal upon FOXA2 

induction in fibroblasts, suggesting additional factors might stabilize binding in a cell-type 

specific manner. Indeed, simultaneous expression of GATA4 could increase FOXA2 

occupancy at a subset of these regions, showing that co-expression could stabilize the weak 

FOXA2 binding. Nonetheless, this GATA4-dependent increase in FOXA2 binding did not 

result in increased chromatin accessibility (Donaghey et al., 2018). Therefore, additional 

factors must be responsible for working with FOXA2 to drive accessibility at these regions 

in definitive endoderm. When nucleosomal versus direct DNA-binding by FOXA2 was 

assayed during endoderm differentiation in culture, no clear differences in chromatin 

configuration could explain the cell-type specific binding. Instead, regions in which pioneer 

transcription factors engaged with nucleosomes were enriched for binding by additional 

transcription factors and highlights the coordination of multiple factors in accessing 

chromatin during endoderm differentiation (Meers et al., 2019). In cultured cells, FOXA-

responsive enhancers show intrinsic cell-type specificity, suggesting that both the underlying 

DNA sequence and the factors that it recruits function together to drive tissue-specific gene 

expression patterns (Sérandour et al., 2011). In ESC, binding of the pioneer factor Sox2 at a 

subset of sites (~10%) depends on the DNA-binding activity of PARP-1. These PARP-1 

dependent sites are preferentially enriched for regions that are occupied by nucleosomes, 

show low chromatin accessibility and have suboptimal Sox motifs. Thus, at a subset of loci 

Sox2 requires a cofactor for nucleosome binding, and in vitro data support a model in which 

PARP-1 facilitates Sox2 binding to motifs that are positioned suboptimally on the 

nucleosome (Liu and Kraus, 2017). Together these studies provide examples of how 
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transcription factors stabilize pioneer-factor binding at a subset of loci in a cell-type specific 

manner and function together to define novel cis-regulatory elements during development.

In addition to affecting genomic occupancy, cofactors can influence the ability of pioneer 

factors to drive chromatin accessibility subsequent to DNA binding. When overexpressed in 

ESCs, FoxA2 is preferentially recruited to regions primed with specific histone 

modifications, but chromatin accessibility at these loci is only established when additional 

lineage-specific factors are expressed (Cernilogar et al., 2019). Similarly, during in vitro 
hepatic differentiation, FOXA factors prime enhancers for activation by lineage-specific 

transcription factors, like PDX1 (Wang et al., 2015). In Drosophila, Grainy head binding in 

the early embryo is not required for chromatin accessibility, and the gene expression 

program regulated by Grainy head differs depending on developmental stage (Nevil et al., 

2020). Therefore, Grainy head activity is regulated by tissue-specific properties that function 

after Grainy head binding. Thus, in some tissues and at a subset of loci pioneer-factor 

occupancy alone is unable to establish chromatin accessibility, but instead requires the 

activity of additional factors.

Sequential function of pioneer factors during differentiation

While reprogramming both in culture and in the early embryo requires the simultaneous 

action of multiple pioneer factors, the sequential action of multiple pioneer factors can also 

be necessary for dramatic developmental changes in cellular identity. The earliest stages of 

embryonic reprogramming in Drosophila are primarily driven by the pioneer factor Zelda. 

However, recent evidence has demonstrated essential roles for additional pioneering factors 

after Zelda as the zygotic genome becomes broadly activated. Odd-paired, GAGA factor, 

and CLAMP are required for defining chromatin accessibility at cis-regulatory elements 

important in patterning the embryo independently of Zelda (Gaskill et al., 2020; Koromila et 

al., 2020; Soluri et al., 2020). While Zelda, GAGA factor and CLAMP are ubiquitously 

expressed, maternally encoded proteins, Odd-paired is zygotically expressed in a tissue-

specific pattern and is essential in defining the gene expression patterns necessary for 

embryonic segmentation (Bhat et al., 1996; Duan et al., 2020; Liang et al., 2008; Soluri et 

al., 2020). Thus, embryonic development requires the sequential activity of pioneer factors 

to define the cis-regulatory regions that pattern the embryo (Figure 3B). Activation of the 

zygotic genome in Xenopus similarly requires a hand-off between maternally encoded and 

zygotically expressed pioneer factors. Maternally provided Foxh1 binds to enhancers that 

are subsequently bound by FoxA, which is expressed zygotically at gastrulation (Charney et 

al., 2017). These examples highlight how the sequential activity of pioneering factors can 

drive embryonic patterning during differentiation.

The sequential activity of pioneer factors in defining cis-regulatory regions is also evident in 

cell culture systems that recapitulate differentiation from the stem cell fate. Similar to the 

binding of maternal Foxh1 in Xenopus embryos, FoxD3 is already bound to the FoxA1-

responsive alb1 enhancer in mouse ESC and functions to maintain unmethylated DNA at 

this locus. In this case, FoxD3 may function as a “placeholder” to prevent the establishment 

of repressive chromatin at this enhancer and facilitate subsequent FoxA1 binding (Xu et al., 

2009). Enhancers are defined by the function of FoxD3 in ESC and later activated upon 
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differentiation. By contrast, during the exit from naïve pluripotency GRHL2 defines a 

distinct set of enhancers that maintain an epithelial gene expression program (Figure 3C). 

The GRHL2-target genes are expressed in both naïve ESC and in formative EpiLC following 

in vitro differentiation, but rely on switching from a set of enhancers that drive expression in 

ESC to a set of GRHL2-defined enhancers for expression in EpiLC (Chen et al., 2018). 

Thus, the pioneer factor GRHL2 is part of a larger set of transcription factors that drive the 

rewiring of enhancers during the transition from ESC to EpiLC, allowing target gene 

expression to remain constant despite the changes in enhancer usage. It is evident from these 

examples that the sequential action of enhancer-defining pioneer factors refines the gene 

expression network as cells differentiate.

Conservation of pioneer factors and the developmental transitions they 

control

Because of the fundamental importance of pioneer factors in shaping gene expression during 

development, it is perhaps unsurprising that both pioneer factors and their importance in 

specific developmental transitions are conserved. The pioneering features of FoxA were first 

defined based on the role of FoxA in hepatic development in mice (Gualdi et al., 1996). In 

Caenorhabditis elegans, PHA-4, the FoxA homolog, is essential for defining foregut identity 

and functions as a pioneer factor to facilitate chromatin decompaction (Fakhouri et al., 2010; 

Hsu et al., 2015). Like FoxA, the pioneer factor Grainy head is widely conserved in 

metazoans (Traylor-Knowles et al., 2010). Indeed, Grainy head orthologs in worms, flies, 

and mammals all bind to the same consensus motif and are essential in defining epithelial 

cell fates (reviewed in Wang and Samakovlis, 2012). Grainy head protein family members 

drive regions of chromatin accessibility in Drosophila larval tissues and in human tissue 

culture cells (Chen et al., 2018; Jacobs et al., 2018). Through their conserved functions these 

pioneer factors act at the top of gene regulatory networks to drive cell-type specification.

During conserved developmental transitions, the essential role of pioneering factors may be 

shared despite the fact that the proteins themselves may not be conserved across species. 

Perhaps the clearest example of the shared requirement for pioneer-factor function is during 

the rapid and efficient reprogramming that occurs during the initial stages of embryogenesis. 

In all species studied to date, pioneer factors are required to regulate the activation of the 

zygotic genome (Schulz and Harrison, 2019). In Drosophila, the pioneer factor Zelda primes 

the genome for activation (Liang et al., 2008; Schulz et al., 2015; Sun et al., 2015). Zelda is 

a zinc-finger transcription factor that is not found outside of insects and crustaceans (Ribeiro 

et al., 2017). Nonetheless, in other organisms the role of pioneer factors in genome 

activation is conserved, even if the specific proteins are not. In zebrafish, the pioneer factors 

Nanog, Pou5f3 (Oct4) and Sox19b function together to activate the zygotic genome (Lee et 

al., 2013; Leichsenring et al., 2013; Miao et al., 2020; Pálfy et al., 2020; Veil et al., 2019). In 

other species, Pou- and Sox-domain containing proteins may also be involved in determining 

chromatin accessibility during this conserved transition. In human embryos OCT4 has been 

implicated in regulating zygotic genome accessibility and transcription (Gao et al., 2018). 

Pou5f3 and Sox3 also function to open and mark regions of chromatin important for germ 

layer formation in the early Xenopus embryo (Gentsch et al., 2019). Despite these 
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similarities, additional species-specific pioneering proteins have been identified. In frogs, 

Otx1, Vegt, and Foxh1 function together at enhancers to control zygotic genome activation 

(Paraiso et al., 2019). In mice and human, DUX family transcription factors activate a subset 

of genes during the earliest stages of development. However, the viability of DUX4 

knockout mice makes it clear additional factors can drive this essential developmental 

transition (Chen and Zhang, 2019; De Iaco et al., 2020). Studies of the MZT in multiple 

species have highlighted the conserved role of pioneer factors, if not the factors themselves, 

in driving this essential, conserved developmental transition.

Pioneer factors in disease

Because pioneer factors function as master regulators of cell fate, they are particularly prone 

to driving disease when mutated or misexpressed. Notably, expression of multiple different 

individual pioneer factors has been linked to the toxic cell proliferation that characterizes 

cancers, and expression levels are correlated with poor prognoses (Dobersch et al., 2019; 

Jozwik and Carroll, 2012). For example, studies of cancer stem cells have demonstrated that 

these cells share features with other stem cell populations and express the core-

reprogramming pioneer factors OCT4, NANOG, and SOX2. The gene networks regulated 

by these core pluripotency transcription factors are overexpressed in relatively 

undifferentiated tumors and are associated with poor clinical outcomes (Ben-Porath et al., 

2008). Indeed, inducible expression of these reprogramming factors in mice leads to tumor 

formation, suggesting a causal link between pioneer factor-mediated reprogramming and 

tumor initiation (Ohnishi et al., 2014). Correlations have also been found between the 

expression of these transcription factors in tumor cells, stem cell-like characteristics, and 

resistance to anti-tumor therapies (reviewed in Dobersch, Rubio and Barreto, 2019).

Misexpression of other early embryonic reprogramming factors in later stages of 

development can also result in detrimental gene expression profiles. Because pioneer factors 

are uniquely capable of accessing the genome, these proteins are able to bind and reprogram 

the expression profile of the cell. For example, Facioscapulohumeral muscular dystrophy 

(FSHD) is caused by misexpression of the mammalian pioneer factor DUX4 in muscle cells 

(reviewed in Campbell et al., 2018). The expression of this pioneer factor in tissues in which 

it is not normally expressed results in the activation of genes expressed in the 

preimplantation embryo. The activation of this novel gene expression program results in 

apoptosis and wasting of the muscles in which DUX4 is expressed (Geng et al., 2012; 

Whiddon et al., 2017; Young et al., 2013). Emphasizing the contribution of the cellular 

environment to the disease outcome of pioneer-factor misexpression, increased DUX4 

expression is also linked to cancers, where it promotes escape from immune surveillance 

(Chew et al., 2019).

Pioneer factors also function in disease through their ability to redirect cofactor binding. 

FOXA1 regulates the genome occupancy of hormone receptors in a large number of cells 

during normal development (Hurtado et al., 2011; Paakinaho et al., 2019; Swinstead et al., 

2016). The biological significance of these interactions is highlighted by the frequent 

mutation of FOXA1 in prostate and breast cancers that depend on these hormone receptors. 

Gain of function mutations demonstrate that FOXA1 functions as an oncogene, and the 

Larson et al. Page 11

Mol Cell. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nature of the mutations suggests pioneering activity is essential for the oncogenic properties 

of the mutated proteins (Adams et al., 2019; Parolia et al., 2019). Expression of FOXA1 in 

an immortalized prostate cell line can reprogram androgen-receptor binding to reflect the 

binding profile in prostate cancer (Pomerantz et al., 2015). Similarly, in estrogen receptor 

positive breast cancer cells, FOXA1 overexpression drives genome-wide enhancer 

reprogramming (Fu et al., 2019). Despite the identified role of FOXA1 in directing estrogen-

receptor binding, FOXA1 also functions independently to regulate gene expression in 

therapy-resistant, breast-cancer cell lines (Cocce et al., 2019). These estrogen-receptor 

independent loci are co-occupied by the additional pioneer factor GRHL2, suggesting that 

two pioneer factors may collaborate to establish novel enhancers, which drive expression of 

pathways leading to therapy resistance (Cocce et al., 2019).

In addition to the evidence in numerous epithelial cancers that support an oncogenic role for 

GRHL2, GRHL2 has also been implicated as a tumor suppressor. This tumor-suppressive 

function is based on the ability of GRHL2 to promote epithelial cell fate, which suppresses 

the cellular migration and invasion necessary for metastasis (reviewed in Reese, Harrison 

and Alarid, 2019). These conflicting roles highlight the importance of studying pioneer-

factor function within the endogenous cellular context and the role of cell intrinsic 

properties, including chromatin state and cofactor expression, in regulating GRHL2 activity. 

Together, the complex roles of pioneer factors in human disease reflect both the unique 

capacity of these factors to reprogram the cellular transcriptome and the effect of 

developmental context on this activity.

Conclusions

The complex network of gene expression that controls metazoan development is determined 

by the ability of transcription factors to access cis-regulatory elements and drive 

transcription. The ability of pioneer transcription factors to define these regulatory regions 

endows them with the capacity to restructure the gene expression profile of a cell and, in so 

doing, result in dramatic changes in cell fate. The unique features of pioneer factors enable 

them to reprogram cell fate, whereas misexpression or mutation can lead to disease. 

However, cell-specific features, such as chromatin structure and co-factor expression, 

influence pioneer-factor binding and activity. Indeed, in many cases pioneer factor-defined 

cis-regulatory modules must subsequently be bound by lineage-specific transcription factors 

for transcription to initiate. Biochemical studies have begun to elucidate the molecular 

mechanism allowing pioneer factors to bind nucleosomes and scan the genome for specific 

binding sites. These have been complemented with cell-culture studies that have reinforced 

the importance of pioneer factors in defining cis-regulatory modules. Nonetheless, future 

studies defining the barriers to pioneer-factor function and the complex interplay between 

pioneer factors and cofactors will be essential for understanding how the genome is 

differentially interpreted during development and how failures in this process can lead to 

disease.

It is clear that while pioneer factors share certain unique functions, pioneer factors use 

different features to both gain access to chromatin and to increase accessibility at binding 

sites. In the case of FoxA, chromatin binding alone may be able to drive accessibility by 
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evicting the linker histone H1 (Iwafuchi-Doi et al., 2016). However, other factors bind 

chromatin using different strategies and interact with chromatin remodeling enzymes to 

open the chromatin (Iwafuchi-Doi, 2019; Soufi et al., 2015). In other cases, the mechanisms 

by which the pioneer factor increases chromatin accessibility are less clear. It is possible that 

some pioneer factors may form subnuclear hubs that increase the localization of other 

transcription factors, which may result in changes to the local chromatin structure. For 

example, Zelda is localized to transient hubs in the nucleus that potentiate binding by the 

transcription factors Bicoid and Dorsal (Dufourt et al., 2018; Mir et al., 2018; Yamada et al., 

2019). It will be important to determine if these differences in the mechanisms of pioneer 

factor-mediated chromatin accessibility are cell-type dependent.

While studies of pioneer factors during in vitro differentiation have provided important 

insights into their function during development, more studies are needed of pioneer factors 

within an organism to understand both how developmental context influences pioneer-factor 

activity and to identify new pioneering factors essential for determining distinct cellular 

fates. Given the conservation of both the factors themselves and the transitions they regulate, 

model organisms provide a powerful platform for interrogating pioneer-factor function 

during development. The advances in high-resolution live imaging coupled with low-cell and 

single-cell genomic technologies lay the groundwork for a better understanding of the role 

of pioneer factors both in organisms and in cellular reprogramming in culture.
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Figure 1: Pioneer factors drive developmental transitions.
Pioneer factors reprogram specialized cell types (germ cells, fibroblasts) to pluripotency 

(iPSC, early embryonic cells). Expression of other pioneer factors can transdifferentiate 

fibroblasts to additional cell types, such as neurons and can also drive differentiation from 

naïve (ESC) to more specialized cell types (endoderm, EpiLC). A subset of pioneer factors 

involved in each conversion are listed along the arrows, which indicate the direction of the 

conversion events. The color of the cell represents the relative degree of differentiation with 

dark orange being the most differentiated.
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Figure 2: Chromatin and cofactor expression modulate pioneer-factor occupancy and activity.
A. Pioneer factors (PF) bind unmarked, silent chromatin and establish regions of accessible 

chromatin at enhancers to allow for the subsequent binding of lineage-specific transcription 

factors (TF) that drive gene expression. B. Specific chromatin modifications (such as histone 

methylation) act as a barrier to pioneer-factor binding. Expression of enzymes that remove 

these marks, such as histone demethylases (HDM), enable pioneer factors to overcome this 

barrier, drive accessibility at enhancers and promote gene expression. C. The expression of 

cofactors (CoF) can stabilize pioneer-factor binding and promote genomic occupancy. TSS, 

transcription start site.
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Figure 3: Cooperation amongst pioneer factors during development.
A. Simultaneous binding of multiple pioneer factors may be necessary for the formation of 

accessible chromatin at cis-regulatory elements. For example, during reprogramming of 

fibroblasts to iPSCs, Oct4, Sox2, and Klf4 are required to function together to define a 

subset of enhancers. B. Multiple pioneer factors (Zelda, GAGA factor, CLAMP, and Odd-

paired (Opa)) function sequentially to regulate early embryonic development in Drosophila. 

C. Sequential action of pioneer factors can define cell-type specific enhancers that maintain 

gene expression during differentiation. As ESCs exit naïve pluripotency and become primed 

EpiLCs, GRHL2 defines novel enhancers to maintain expression of a gene regulatory 

network necessary for defining EpiLCs.

Larson et al. Page 21

Mol Cell. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Pioneer factors in developmental transitions
	Pioneer factor occupancy and activity is developmentally regulated
	Chromatin influences pioneer-factor occupancy and activity
	Cell-type specific pioneer factors and lineage-specific transcription factors cooperate to define developmental enhancers

	Sequential function of pioneer factors during differentiation
	Conservation of pioneer factors and the developmental transitions they control
	Pioneer factors in disease
	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:

