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Abstract

Pioneer transcription factors have the intrinsic biochemical ability to scan
partial DNA sequence motifs that are exposed on the surface of a nucleo-
some and thus access silent genes that are inaccessible to other transcrip-
tion factors. Pioneer factors subsequently enable other transcription factors,
nucleosome remodeling complexes, and histone modifiers to engage chro-
matin, thereby initiating the formation of an activating or repressive regula-
tory sequence.Thus, pioneer factors endow the competence for fate changes
in embryonic development, are essential for cellular reprogramming, and
rewire gene networks in cancer cells. Recent studies with reconstituted nu-
cleosomes in vitro and chromatin binding in vivo reveal that pioneer fac-
tors can directly perturb nucleosome structure and chromatin accessibility
in different ways. This review focuses on our current understanding of the
mechanisms by which pioneer factors initiate gene network changes and will
ultimately contribute to our ability to control cell fates at will.
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INTRODUCTION AND BACKGROUND

Transcription factors are adaptor proteins that recognize particularDNA sequences and cooperate
with other factors to regulate target genes. Such regulation involves the recruitment of transcrip-
tional coactivators or corepressors, histone modifiers, and nucleosome remodeling proteins to a
local domain in chromatin. Consequently, functional gene regulatory regions, including promot-
ers and enhancers, gene repressing elements, and genome architectural sites, assemble large com-
plexes. The complexes often assemble in a cell-type-specific manner, with many bound proteins
that can span hundreds of base pairs of DNA. Transcription factors that can act as pioneer factors
were initially discovered while researchers were investigating how enhancer regulatory complexes
are first formed in silent chromatin during embryonic development, leading to the induction of
a tissue-specific gene network. Pioneer transcription factors were subsequently found to enable
hormone-responsive gene networks in human cancers and artificially change the fate of cells in
culture. The diverse roles of pioneer factors, particularly in cancer, have been reviewed (56, 61,
84, 94). This review focuses on the latest studies revealing the molecular processes by which pi-
oneer factors bind to nucleosomes, perturb nucleosome structure to enable regulatory complex
assembly, and reset genetic networks during cell fate transitions.

Diverse Types of Transcriptionally Silent Chromatin

Transcriptionally silent genes in a given cell type or state may be neutral to a cell’s function, nec-
essary for a future function, or antithetical to a cell’s current and future functions. Thus, gene
silencing involves mechanisms that range from allowing the competence of a gene to respond to
stimuli to ensuring gene silence under most or all physiologic conditions.

An understanding of the diverse ways that chromatin structure silences gene activity is needed
to determine how transcription factors overcome such barriers during gene network and cell fate
changes. The DNA in eukaryotic cells winds nearly twice around an octamer of the four core
histones, thereby forming arrays of nucleosomes (64).Within a nucleosome, part of the surface of
DNA, along its long axis, faces the globular domains of the histones, causing the DNA sequence
on that side to be hidden sterically. Thus, nucleosomal DNA can be inherently restrictive to tran-
scription factor access and transcription itself (80). Furthermore, the N-terminal tail of histone
H4, which extends from the nucleosome core, can interact with an acidic patch on the globu-
lar histone domain of an adjacent nucleosome, helping to stabilize internucleosome interactions
that promote local chromatin condensation (4, 32, 102). The condensation of a nucleosome array
can be further stabilized by linker histone, which binds at the entry and exit points of DNA on
the nucleosome (40) and restricts the action of nucleosome remodelers (46, 50, 112). Chromatin
compaction can be further modified by histone variants within the nucleosome core (34). His-
tone H3 can be covalently methylated on its N-terminal tail at lysine 9 (H3K9me2 or H3K9me3)
(113) or lysine 27 (H3K27me3) (26, 96), which promotes the binding of heterochromatin protein
1 (HP1) or canonical Polycomb repressive complex 1 (PRC1), respectively, to further compact
the chromatin (71, 107). The nuclear periphery is lined with lamin proteins (69) that associate
with H3K9me2 heterochromatin to silence genes (110), while H3K9me3 heterochromatin oc-
curs in apparent phase-separated globules throughout the nucleus (117, 132). Consistent with the
many mechanisms to silence gene activity, imaging of nuclei by electron microscopy and optical
super-resolution methods reveals clusters of nucleosomes in diverse compaction states (97, 99,
115). Thus, there are many mechanisms of repression that build upon the nucleosome repeats in
chromatin.
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Discovery of Pioneer Factors

Pioneer transcription factors were originally discovered by in vivo footprinting (88, 104) to deter-
mine which transcription factors bound first to a liver-specific enhancer of the alb1 gene in mouse
embryo development (44). At the time, it was assumed that the earliest occupancy of the liver
enhancer would be when liver genes are first expressed in hepatoblasts, as they differentiate from
the embryonic endoderm (15); the endoderm itself was considered to be a negative control. The
endoderm outside the prehepatic region is multipotent, and although liver genes are silent in this
tissue, they remain competent to be activated for several days after the period of liver induction
(44).

Unexpectedly, the extrahepatic endoderm exhibited occupancy of adjacent binding sites for
FoxA and GATA transcription factors (11, 44), and this occupancy was retained throughout the
embryonic period, during which the endoderm remained competent to induce liver genes (12).
In hepatoblasts, multiple other factors bind the liver-specific enhancer as alb1 is activated (44).
Notably, FoxA and GATA factors bind to the enhancer in silent chromatin. The factors were then
tested for ability to bind the same enhancer target sequence on nucleosomes assembled in vitro.
Recombinant FoxA1, but not other transcription factors, bound to its sites on mono- and dinu-
cleosomes (21, 124) and helped GATA4 bind to an adjacent sequence (22). Finally, recombinant
FoxA1 and, to a lesser extent, GATA4 could create a local nuclease-sensitive region beneath their
binding sites in the middle of a 13x nucleosome array compacted with linker histone (20). Taken
together, the studies led to the proposal that FoxA and, to a lesser extent, GATA4 are pioneer
transcription factors that are able to initiate the formation of regulatory complexes in chromatin
by targeting nucleosomes and endowing competence to induce new developmental networks (20)
(Figure 1).

The early experiments underscored cooperativity between FoxA and GATA pioneer factors
in engaging silent chromatin sites in vivo. Subsequent genetic studies revealed that both FoxA1
and FoxA2 genes (68) and both Gata4 and Gata6 genes (49, 145, 152) are necessary for hepatic
induction from the embryonic endoderm.Other transcription factors with similar biochemical and
genetic properties have since been found in diverse animal and plant developmental contexts (1, 37,
42, 98), including zygotic gene activation (87, 134), the conferral of hormone responsiveness and
invasiveness in human cancers (2, 28, 61, 101, 116), the expression of circadian rhythm genes (90),
and nongene regulatory processes in chromatin, including DNA recombination (129). Together,
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Figure 1

Actions of pioneer transcription factors. (a) The pioneer transcription factor (gold sphere) scans laterally
across chromatin and targets a nucleosome. (b) The pioneer transcription factor exposes an underlying
nucleosome in chromatin, displacing linker histone. (c) The pioneer transcription factor enables the binding
of other transcription factors, coactivators or corepressors, and nucleosome remodelers. Green flags
represent activating histone modifications; red flags represent repressive histone modifications.
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these observations indicate that pioneer transcription factors are fundamental to gene network
changes and have led to interest in their mechanism of action.

MODES OF TRANSCRIPTION FACTOR INTERACTIONS
WITH NUCLEOSOMES

Assessing the Ability of a Transcription Factor to Bind Target Sites
on Nucleosomes

The central feature of pioneer factors is their ability to target DNA on nucleosomes.The most di-
rect ways to assess nucleosome targeting are testing whether a purified transcription factor binds
to motif-bearing mononucleosomes assembled in vitro (21, 138); whether transcription factors
detected by chromatin immunoprecipitation (ChIP) are cooccupied, as assayed by re-ChIP, for
core histones (17, 55); or whether an ectopically expressed transcription factor in cells targets
preexisting, micrococcal nuclease (MNase)-resistant, nucleosome-sized DNA (127). Nucleosome
targeting can also be inferred from the local resistance to the assay for transposase accessible
chromatin using sequencing (ATAC-seq) (14), particularly if fragment sizes are taken into ac-
count (120), though such inferences need to be confirmed with defined nucleosome and chro-
matin substrates in vitro.Most important for in vivo assays is comparing the chromatin state prior
to transcription factor expression with where the factor binds once it is newly expressed. The
cleavage under targets and release using nuclease (CUT&RUN) assay can reveal nucleosome-
sized DNA fragments that are released from chromatin by a protein A-MNase fusion that binds
to an antibody, which in turn binds to a transcription factor in situ (89, 125). As with ATAC-seq,
it will be important to compare the method with untethered MNase on defined chromatin tem-
plates to define exactly how the protein A-MNase/antibody complex maps nucleosomal target
sites.

Transcription Factors Bind to Nucleosomes in Different Ways

A recent study assessed transcription factor binding to nucleosomes with a highly parallel ap-
proach, using randomized DNA sequence libraries assembled into nucleosomes in vitro (153).
Over 200 transcription factor DNA-binding domains (DBDs) and selected full-length proteins
were tested for binding to nucleosomes and their corresponding free DNA sequences in cycles
of PCR-based selection of histone H2A-tagged complexes and tagged transcription factors. En-
riched sequences were assessed for specific sequence motifs to serve as evidence for where the fac-
tors bind on the DNA and nucleosomes. The study concluded that, while nucleosomes generally
inhibit transcription factor binding, a subset of factors are capable of binding nucleosomal DNA
in vitro (153). Significantly, the same factors target nucleosome-sized,MNase-resistant chromatin
fragments in vivo. After binding nucleosomes in vitro, transcription factors often, but not always,
facilitate the dissociation of the histones. Notably, nucleosome binding could occur at different
positions throughout the nucleosome, with target motifs, as expected, oriented outside of the
histone core.The results contradict a model wherein transcription factors would only access DNA
after its spontaneous dissociation from the histones (72, 109).

Different classes of pioneer transcription factors exhibit distinct nucleosome-binding charac-
teristics. Certain basic leucine zipper (bZIP) and basic helix-loop-helix (bHLH) factors, particu-
larly those that surroundmore than 180o of theDNA circumference, bind to sites at the edge of the
nucleosome (153) (Figure 2a). Yet CREB, another bZIP factor, and ETS factors bind asymmet-
rically near the dyad axis (i.e., center) of the nucleosome (Figure 2b). Zinc-finger, homeodomain,
and forkhead box (FOX) transcription factors bind to DNA periodically around the nucleosome
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Figure 2

Transcription factor DNA-binding domains (spheres) bind to nucleosomes in diverse methods, such as
(a) edge binding, (b) near dyad axis, (c) around the nucleosome, (d) dyad axis, and (e) binding to both DNA
gyres (153).

(Figure 2c), while Sox (HMG box-containing) and RFX5 factors bind close to the nucleosome
dyad axis (Figure 2d), with the Sox2 result confirmed in an independent study (74). HMG box-
containing factors like Sox2, which bend DNA (114), can target nucleosomes because the DNA is
prebent when wrapped around histones (127). Interestingly, T-box (TBX) factors bind simultane-
ously to the two double-stranded DNA gyres as they pass around the histone octamer, selecting
for motifs separated by 80 bp in the linear DNA and thereby stabilizing nucleosomes (Figure 2e)
(153). These studies and more limited parallel comparisons in vitro (36, 127) indicate that nu-
cleosome binding exhibits a spectrum of affinities and mechanisms, rather than being a binary
characteristic.

DNA-Binding Domain Structure Can Predict Nucleosome Binding

To investigate how structural features of DBDs relate to nucleosome binding, over 1,000 full-
length transcription factors were attached to a glass slide and assessed for binding to three different
end-labeled nucleosome DNA sequences and their corresponding free DNAs (36). The nucleo-
some sequences were curated from natural genomic sites of enriched MNase-resistant segments
that are commonly targeted by groups of fate-changing transcription factors. While follow-up
studies demonstrated that binding characteristics on the slides were not recapitulated for many of
the proteins in solution, trends in DBD structure consistent with nucleosome binding could be
discerned (36).

Transcription factors that recognize their DNA motifs via a short anchoring α-helix protrud-
ing into the major groove, exemplified by FOX, ETS, homeodomain, and zinc finger factors,
were generally observed to target nucleosomal DNA (36) (Figure 3a). The use of natural se-
quence nucleosomes enabled the ETS factor to bind with an ∼5-nM dissociation constant (36),
whereas using artificial 601 sequence nucleosomes (108) prevented PU.1 binding (93). The lat-
ter result is consistent with another study showing that natural nucleosome-forming sequences
are more accommodating of transcription factor binding than the 601 model (52). Indeed, the
PU.1 factor targets genomic DNA sites in vitro and in vivo that preferentially form nucleo-
somes (5). bHLH and bZIP proteins, which have scissors-like pairs of α-helices that reach across
the major groove orthogonally to the long axis of DNA, were variable in nucleosome binding
(36). Various bHLH factors with potent reprogramming ability, such as Ascl1 (144), use relatively
short α-helices to bind DNA and target sequences on nucleosomes, whereas bHLH factors such
as c-Myc, with extended α-helices that could sterically interfere with the histone octamer, bind
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Figure 3

DNA-binding domain structures that enable or limit binding to nucleosomes. (a) Two different
DNA-binding domain structures are shown interacting with DNA orthogonal to the long axis of the double
helix. The DNA-binding domain on the left illustrates how short α-helices enable interactions that would
not sterically collide with the underlying histone surface, depicted by a green line, on a nucleosome (36, 127).
(b) By contrast, extended α-helices or other structures can sterically interfere with nucleosome binding.
Figure adapted from Reference 36 with permission.

nucleosomes poorly (Figure 3b). Based on its structure, the TALE-homeodomain protein PBX1
was predicted to bind nucleosomes well and thereby could cooperatively enable potent muscle
programming by myoblast determination protein 1 (MyoD) (8), a bHLH factor with long α-
helices (81). TBX factors were not found to bind natural sequence nucleosomes that lack a pair
of TBX motifs (36), unlike the binding seen on artificial sequence nucleosomes containing such a
pair (153).Notably, various factors that were tested bound free DNAwell but did not bind nucleo-
somes (36).Thus, strongDNAbinding does not necessarily predict nucleosome binding or histone
displacement.

How does a transcription factor recognize a target motif on the surface of the nucleosome,
where the histone octamer partially blocks access? Curation of motifs at nucleosome-targeted
sites in vivo, compared to nucleosome-free DNA sites, revealed that various transcription factors
target a partial DNA motif on the nucleosome (89, 127). This mode of binding may be partic-
ularly relevant to factors that bind DNA with closely apposed but structurally separate globular
domains, such as octamer-binding transcription factor 4 (Oct4), which uses a linked POU and
homeodomain (33, 52, 91, 114), and PAX factors, which use paired domains and homeodomains
(13). Similarly, zinc-finger factors with three or more DNA recognition modules can target nu-
cleosomal sequences that employ only two of the modules engaging adjacent motifs exposed on
the nucleosome surface (127). Molecular dynamics simulations illustrate that even when binding
free DNA–harboring complete motifs, transcription factors could initially engage a partial mo-
tif driven by the binding of a subset of their DBD modules (127). Clusters of suboptimal motifs
are now understood to increase the cell-type specificity of enhancers in embryonic development
(24, 35). These findings illustrate the challenges in deciphering transcription factors associated
with chromatin features by examining local sequences for consensus or optimal DNA-binding
motifs.

372 Zaret



Scanning Chromatin via Nonspecific Nucleosome Binding

The interaction of transcription factors with nucleosomes raises the question of how that prop-
erty is used to scan chromatin for specific DNA sequences. The issue of chromatin scanning was
initially studied by comparing diverse green fluorescent protein–tagged transcription factors in
living cells by fluorescence recovery after photobleaching. The experiments revealed a wide range
of nuclear protein mobilities (105, 121).However, interpreting such data with regard to chromatin
binding in vivo can be complicated by the extent to which the tagged factors are overexpressed,
issues regarding diffusion rates and photobleaching, and whether such factors have nonchromatin
components to which they bind (95, 128). A way to address DNA target specificity is to com-
pare transcription factors that are point-mutated in their DBDs and expressed equally in cells.
For example, FoxA1 has exceptionally low nuclear mobility, yet two amino acid point mutations
that diminish FoxA1’s target sequence recognition had a small effect on FoxA1’s nuclear mobil-
ity and minimally affected nonspecific DNA and nucleosome binding in vitro (121). Thus, the
factor’s slow nuclear mobility and low diffusion in the nucleus are not driven by stable binding
site occupancy. By contrast, two amino acid point mutations that diminish FoxA1’s nonspecific
DNA binding, and virtually abolish nucleosome binding, markedly increased the factor’s diffu-
sion through the nucleus, while allowing target sequence recognition on free DNA (111, 121).
Two major implications can be drawn from these and related studies (6, 45, 62). First, even pi-
oneer factors interact transiently with chromatin and are mobile in the nucleus. Second, given
the abundance of nucleosomes, the dependency of the slow movement of FoxA1 on nonspecific
binding could reflect its lateral on-and-off scanning across nucleosomes in chromatin, rather than
nucleoplasm diffusion as seen for fast-moving nuclear proteins (23, 141).

Transient Localization to Sites in Nuclei

Recent advances in single-molecule tracking (SMT) reveal how individual molecules move in the
nucleus (57, 79, 147). Presently, the most sensitive SMT involves a transcription factor that is ge-
netically fused to HALO protein, which can covalently bind to a bright fluorophore (18). Long
exposure times (slow-SMT), with caveats regarding photobleaching, allow an estimation of the
residence time of a factor at a single nuclear location, whereas short exposure times (fast-SMT) al-
low motion tracking. Transcription factors, regardless of their nucleosome-binding capacity, have
apparent average residence times in mammalian nuclei within a range of several to 100 s (18, 57,
77, 100, 136, 139), with some factors, such as CTCF, residing at sites in nuclei for over 200 s (77). A
common interpretation of long residence time measurements of transcription factors is that they
represent site-specific binding in chromatin. However, for all factors tested, mutations that elimi-
nate DNA motif binding in vitro lead to only a partial reduction in apparent long residence times
in vivo (18, 86, 100, 133). Without understanding whether a HALO-tagged factor is bound to
free DNA or nucleosomes at the time of measurement, and whether such behaviors are different
during cell fate transitions versus the maintenance of gene activity, residence times are not par-
ticularly informative about pioneer factor activity. Cooperating transcription factors, coactivators,
and nucleosome remodelers can affect apparent residence times of HALO-tagged transcription
factors in nuclei (18, 47, 136). Recent SMT studies indicate that pioneer factors can explore some
of the most mobility-restricted domains in the nucleus, where non-pioneer factors cannot (70).
In summary, the results of live-cell imaging methods agree that transcription factor occupancy in
chromatin is transient and that nonspecific chromatin binding is a significant feature.

Active gene transcription occurs in bursts of initiation events on a time scale of minutes (39,
131, 135). Transcription factors may stochastically bind and release, enabling cyclic rebinding of
other factors into functional regulatory complexes to control transcription (142). Alternatively,
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multicomponent regulatory complexes may undergo wholesale loss from the chromatin and need
to be reestablished in a particular order for functional activity. Along these lines, MNase titra-
tion studies, along with core histone immunoprecipitation, reveal that nucleosomes are detectable
at active enhancers (55, 92). Furthermore, FoxA2 can be coimmunoprecipitated with core his-
tones at MNase-sensitive enhancer nucleosomes in liver cells, while its cooperating transcrip-
tion factors can be detected at the same sequences but not cobound to core histones; this is
consistent with the enhancers cycling through different factor- and nucleosome-occupied states
(55, 75).

Separate from considerations of how ongoing gene activity is maintained, the concept of pi-
oneer factors emerged from an effort to understand how new genetic networks are established
in naive chromatin or in repressed, silent chromatin. That is, transient and nonspecific bind-
ing allows cell fate–controlling factors to scan chromatin, as discussed above, and to enable sec-
ondary and cooperative events at nucleosomal sites that are targeted by the factors, as discussed
below.

DIRECT NUCLEOSOME PERTURBATIONS BY PIONEER FACTORS

Pioneer Factor Binding Can Perturb Mononucleosome Structure

Just as pioneer factors have different mechanisms for binding to their target sequences on nu-
cleosomes, they also perturb chromatin structure in different ways. For example, p53 seems to
access nucleosomal DNA that is transiently dissociated at the edge of a nucleosome and facili-
tates histone eviction (67, 151), fitting a site exposure model (72) (Figure 4a). However, it may
have transient affinity for the histone octamer or bent nucleosomal DNA (25, 76). By contrast,
biophysical studies employing fluorescent resonance energy transfer have revealed that the yeast
pioneer factors Reb1 and Cbf1 can elicit partial DNA unwrapping from the nucleosome without
histone eviction (31) (Figure 4b).While Reb1 binds nucleosomes at the entry-exit point of DNA
on the nucleosome (31, 63), the lack of histone loss and a lower dissociation rate than from free
DNA suggest that Reb1 may interact directly with the histones themselves. The yeast Cbf1 (31)

a 

b 

c 

Target site
becomes free

Perturbs interaction
of histone H4 tail with
nucleosome acidic patch

Adjacent gyre of
DNA becomes free

Figure 4

Pioneer transcription factors perturb nucleosome structure in different ways. (a) Pioneer factor binding can
facilitate the freeing of its target site from the nucleosome. (b) Binding can cause the adjacent gyre of DNA
to be released from the nucleosome. (c) Binding can perturb the interaction between the histone H4
N-terminal tail and the acidic patch of the nucleosome (target of the red arrow), which normally stabilizes
internucleosome interactions.
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and mammalian FoxA1 (22) factors also exhibit lower dissociation rates from nucleosomes than
from free DNA, which would compensate for a slower apparent on-rate for nucleosomes. These
details once again underscore the importance of understanding the nucleosomal versus free DNA
status in nuclear residence time data.

A different mechanism for dissociating part of the DNA from the nucleosome has been re-
vealed by combining cryo-electron microscopy and crystallography of complexes of the pioneer
factors Sox2 and Sox11 with selected-sequence nucleosomes (29, 153). The Sox factors bound to
nucleosomes that were two DNA helical turns from the dyad axis and not to DNA released at
the edge, and they induced perturbations of the underlying DNA contacts with histones. Also, the
protein mass bound to one DNA gyre clashed with the adjacent DNA gyre on the nucleosome,
eliciting the partial release of the latter (29) (Figure 4b). Such dynamics were not observed on ar-
tificial 601 sequence nucleosomes with engineered Sox2 target sites, where Sox2 bound strongly
only at the entry and exit point of the DNA (91). Single-molecule assays showed that, in certain
binding site configurations, Oct4 can increase the dwell time of Sox2 when both are bound to
nucleosomes, but not when they are bound to the same free DNA sequence (74). This result il-
lustrates how the nucleosome itself can promote binding factor cooperativity. Interestingly, Sox11
DBD binding to mononucleosomes repositions the histone H4 tail (29) (Figure 4c), the latter of
which, as noted above, normally promotes internucleosomal interactions that locally stabilize the
chromatin fiber. Thus, Sox factors may act as pioneer factors by binding to nucleosomes, partially
releasing DNA to allow other factors to bind, and destabilizing local nucleosome interactions in
chromatin.

Correspondence of Nucleosome Perturbations In Vitro and In Vivo

Single-molecule, total internal reflection fluorescence microscopy studies showed that the full-
length yeast pioneer factor Rap1 binds mononucleosomes in vitro with similar on-rates to free
DNA, but with lower residence times and a lack of DNA-unwrapping from the histones (83).
However, when Rap1 targets the middle nucleosome of a 13x nucleosome array that is compacted
with high salt or divalent cations, it destabilizes internucleosomal interactions to make the tar-
geted nucleosome accessible. Furthermore, Rap1 binds to its sites on mononucleosomes of a nat-
ural DNA sequence and modulates the activity of the complex called remodeling the structure of
chromatin (RSC) to move an underlying nucleosome in a manner similar to that seen at the posi-
tion of a Rap1-dependent, nucleosome-free region, as observed in vivo (83). The Rap1 effect was
marginal on 601 sequence nucleosomes harboring the same Rap1-binding sites (83). These exper-
iments illustrate how biochemical reconstitution studies can address questions that are difficult to
address in cells, in this case showing that the pioneer factor is sufficient to provide directionality
to a nucleosome remodeler.

FoxA1 and FoxA2 use a core histone-interacting domain, outside of the DBD, to promote the
accessibility of a targeted nucleosome in a linker histone-compacted nucleosome array (20). Re-
cent work showed that the core histone interactions involve a conserved,α-helical region in FoxA1
and FoxA2 (54).Earlymouse embryos homozygous for FoxA2-RFP or FoxA2-RFP-Δ-helix, the lat-
ter having a 10–amino acid deletion of the α-helical domain, exhibited similar RFP nuclear distri-
butions and expression patterns (54). Yet the FoxA2-RFP-Δ-helix homozygous embryos exhibited
about 14,000 fewer sites of open chromatin compared to FOXA2-RFP controls, as assessed by
ATAC-seq in endoderm cells, along with perturbed RNA-seq patterns and developmental defects
leading to embryonic or perinatal lethality (54). Taken together, the FoxA and Rap1 studies with
artificial chromatin substrates in vitro have been useful models to reveal different mechanisms by
which pioneer factors perturb chromatin in vivo.
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TARGETING AND OPENING SILENT CHROMATIN IN VIVO

Targeting Silent Chromatin During Reprogramming to Pluripotency

How much silent, closed chromatin is there in a somatic cell? Studies of 111 human tissues and
cell lines by the Roadmap Epigenomics Consortium (66) have found that, on average, enhancers,
promoters, and actively transcribed regions constitute up to 10% of a cell’s genome, and another
12% is weakly transcribed, constituting open, active chromatin. The remainder, constituting
closed, DNase-resistant, and transcriptionally silent chromatin, contains H3K27me3- and
H3K9me3-repressed domains as well as about 40% of the genome in a quiescent or low signal
state, not enriched for known chromatin modifications as seen with super-resolution imaging
observations (10). Strikingly, low signal state, DNase-resistant chromatin is most frequently
targeted by the pluripotency factors Oct4, Sox2, and Klf4 (OSK) induced in human fibroblasts
for 48 h (126). Most of the sites targeted independently by the factors are nucleosomal and
exhibit incomplete DNAmotifs compared to the minority of free DNA sites targeted that exhibit
complete motifs (127). c-Myc, by contrast, is necessary for human induced pluripotent stem cell
(iPSC) reprogramming (137) but preferentially targets preexisting, DNase-accessible sites at
promoters that possess activating histone modifications (126). While the distinctions between
OSK initially binding to enhancers and c-Myc to promoters were also observed at 48 h of OSKM
induction in mouse embryonic fibroblasts (MEFs), OSKM in MEFs primarily targets open
enhancer sites (19). OSKM was induced in secondary MEFs derived from an iPSC-generated
mouse embryo (130), and thus they could exhibit low-level priming by the factors rather than
in the de novo OSKM lentiviral induction system used in human cells. Regardless, the mouse
studies revealed that OSKM perturbed resident fibroblast transcription factors, causing fibroblast
enhancer decommissioning for pluripotency conversion.

Pioneer Factor Targeting of Closed Chromatin Can Precede Chromatin
Opening In Vivo

Careful time course studies of chromatin opening by pioneer factor binding in vivo have revealed
a surprising difference from in vitro studies. Shortly after inducing expression in factor-naive
cells, EBF1, a B cell differentiation factor; Pax7, an intermediary pituitary factor; or C/EBPa, a
macrophage factor, exhibits binding hours prior to chromatin opening, as assessed by the ATAC-
seq assay (73, 85, 118). At later time points, additional transcription factors are recruited, DNA
demethylation can occur, and the sites become accessible by ATAC-seq. FoxA1 targets closed
chromatin sites in the G1 phase of the cell cycle, thus not requiring the chromatin opening that
occurs in DNA replication (30). The Caenorhabditis elegans FoxA homolog PHA-4, which binds
nucleosomes in vitro as well as FoxA1 does, targets closed chromatin sites in C. elegans embryos
and recruits RNA polymerase II, which forms a transcriptionally poised complex prior to chro-
matin opening (51). c-Myb recruits the histone acetyltransferase p300 to elicit chromatin open-
ing (38). The activated progesterone receptor preferentially targets MNase-resistant nucleosomal
sites, with consequent loss of linker histone H1 and core histones H2A and H2B (3). In summary,
time course studies reveal that there are intervening steps between pioneer factor binding and
overt chromatin opening in vivo. The nucleosome perturbations elicited by pioneer factors thus
seem restricted to the underlying nucleosome, while secondary events enabled by the factors in
vivo result in the observed open chromatin state that typically spans several nucleosomes.

Pioneer Factor Recruitment of Nucleosome Remodelers
to Open Local Chromatin

Quantitative analysis of many pioneer factors found directionality in local DNase hypersensitivity,
with regard to the orientation of their targeted motifs in chromatin (123). As noted by the authors
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(123), detecting and characterizing pioneer factors solely by eliciting open chromatin will fail
to map binding events that recruit corepressors and create more inaccessible chromatin (101,
122, 146). For example, in embryonic stem cells, FOXD3 first recruits the BRG1 nucleosome
remodeler to promote nucleosome removal but then recruits histone deacetylates to repress its
targeted enhancers (65). A systematic study of nucleosome-binding transcription factors in yeast
observed a correlation between ATP-dependent nucleosome remodelers recruited by the factors
and the consequent patterns of open chromatin (150). Nucleosome-binding transcription factors,
including the glucocorticoid receptor (48, 103), BZLF1 (119), Isl1 (41), and PU.1 (36, 93), all
recruit nucleosome remodelers to chromatin sites that become open. Remodelers interact with
the nucleosome acidic patch (27, 140), which, as noted above, could be exposed in compacted
chromatin by the initial binding of pioneer factors. In summary, pioneer factor recruitment of
ubiquitous nucleosome remodeling complexes to new target sites seems crucial for resetting gene
networks in cells.

Cooperative Priming of Chromatin Endows Competence for Gene Expression

Chromatin opening elicited by pioneer factors can prime subsequent developmental events rather
than resulting in immediate gene activation (9, 44, 58, 143). Indeed, pioneer factors themselves,
during differentiation of embryonic stem cells in culture, can target sites that are often primed
by marginal but detectable open chromatin features, or prior binding of pluripotency (and pio-
neering) transcription factors or repressors (16, 65, 82, 89, 149), and recruit additional factors.
For such analyses, it is crucial to assess the individual targeted sites, e.g., with heat maps, for the
extent to which the factors target closed versus open chromatin sites, rather than using metaplot
averages. In another example of establishing competence, the prior binding of FoxA1 can enable
hormonally activated estrogen and androgen receptors to bind many sites in breast and prostate
cancer cells, respectively, with consequent gene activation (2, 7, 53, 61, 101, 106). Conversely, in
a small percentage of the FoxA1-binding events that lack FoxA1 target motifs and are detected
by some laboratories (60, 136) but not others (43), FoxA1 may be recruited by hormone-activated
receptors (136). De novo FoxA1 expression in human fibroblasts induces DNA demethylation at
FoxA1 target sites, providing an epigenetic mechanism for inheriting expression competence (30).
In another example, in embryonic stem cells, 10% of Sox2-binding events at nucleosomes require
cobinding with PARP1, independent of poly-ADP ribosylation (78).

These studies and others raise the question of how pioneer factors exhibit cell-type-binding
specificity, as opposed to binding all target motifs in all cell types. A comparison of binding signals
for FoxA and GATA4 at all sites targeted among three different cell lines showed that, as for
other transcription factors, peaks were most frequently seen at different sites in different cells,
depending upon cooperative interactions with other factors specific to each cell (30). However,
FoxA andGATA4 also exhibited low but detectable binding at most of the sites targeted in all cells,
which the authors (30) referred to as sampling. Analogously, when peaks for the initial binding
of OSKM in human fibroblasts were called at increasingly low thresholds, the peak counts for
c-Myc plateaued, whereas peak counts for Oct4, Klf4, and especially Sox2 kept rising (127). To
summarize, pioneer factors may transiently sample many motifs and create functional complexes
at a subset of nucleosomal sites, where they enable cooperativity with other factors.

FUTURE DIRECTIONS OF INTEREST

What determines the ability of a pioneer factor to target a particular type of silenced chromatin?
TCF1, the nucleosome-targeting T cell factor, efficiently targets its motifs and opens sites marked
by H3K27me3 (59). Pax7 targets and opens heterochromatic sites with high levels of H3K9me2
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and intermediate levels of H3K9me3 but is resistant to sites with high levels of both (85). FoxA2
can target lamin-enriched sites and decrease underlying levels of H3K9me3 (148). Given that the
DBD of a pioneer factor must bind nucleosomes, presumably a non-DBD portion of the protein
may confer heterochromatin binding. Can hybrid pioneer factors expand chromatin-targeting
features?

Biophysical and structural studies on a few pioneer factors indicate distinct ways to perturb
the underlying nucleosome. Comparisons of additional pioneer factors seem likely to reveal more
nucleosome-perturbative mechanisms.The adaptability of natural sequence DNA on the octamer
ismore revealing about pioneermechanisms than artificial 601DNAengineered to contain a bind-
ing motif. HP1 binding to nucleosomes reveals orientation changes within the histone octamer
itself (117). Thus, future assessments of nucleosome dynamics on pioneer factor binding will be
enabled with natural sequence DNA and direct assessments of histone organization. For SMT
studies, the development of additional highly fluorescent tags will allow a careful dissection of the
consequences of pioneer factor binding to nucleosome target sequences in vivo.

There is a gap in understanding how nucleosome perturbations that occur upon pioneer fac-
tor binding lead to the cooperative engagement of other transcription factors, chromatin- and
DNA-modifying proteins, and nucleosome remodelers. Are pioneer factors sufficient to enable
nucleosome-remodeling complexes to access targeted sites on H1-compacted nucleosome arrays?
Does such access require a direct interaction between the pioneer factor and the remodeler, or
is the locally exposed nucleosome generated by the pioneer factor sufficient to allow remodeler
engagement? Answers will be found with complex chromatin templates in vitro, including nucle-
osome arrays with natural sequence targets.

With regard to understanding how pioneer factors target different types of silent chromatin,
it will be informative to employ nucleosome array templates that are not only marked with
H3K9me3 orH3K27me3 but also bound by the respective protein complexes that elicit chromatin
compaction.Are additional cofactors or remodelers required for pioneer factor engagement? In all
cases for the in vitro studies, it is essential to identify protein domains on the pioneer factors that
elicit a chromatin change and test their function in a natural, cell fate–changing context (54). In
summary, understanding the mechanisms of action of pioneer factors continues to reveal how ge-
netic networks are rewired during cell fate changes. Ultimately, the insights can be used to control
cell fate at will.
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