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Transcription factors are adaptor molecules that detect
regulatory sequences in the DNA and target the assem-
bly of protein complexes that control gene expression.
Yet much of the DNA in the eukaryotic cell is in nu-
cleosomes and thereby occluded by histones, and can be
further occluded by higher-order chromatin structures
and repressor complexes. Indeed, genome-wide location
analyses have revealed that, for all transcription factors
tested, the vast majority of potential DNA-binding sites
are unoccupied, demonstrating the inaccessibility of most
of the nuclear DNA. This raises the question of how target
sites at silent genes become bound de novo by transcrip-
tion factors, thereby initiating regulatory events in chro-
matin. Binding cooperativity can be sufficient for many
kinds of factors to simultaneously engage a target site in
chromatin and activate gene expression. However, in cases
in which the binding of a series of factors is sequential in
time and thus not initially cooperative, special “pioneer
transcription factors” can be the first to engage target sites
in chromatin. Such initial binding can passively enhance
transcription by reducing the number of additional factors
that are needed to bind the DNA, culminating in activa-
tion. In addition, pioneer factor binding can actively open
up the local chromatin and directly make it competent
for other factors to bind. Passive and active roles for the
pioneer factor FoxA occur in embryonic development,
steroid hormone induction, and human cancers. Herein
we review the field and describe how pioneer factors may
enable cellular reprogramming.

Genes in eukaryotic cells are packaged into chromatin,
allowing the condensation of 2 m of DNA into a nucleus
of microns in diameter. The primary means of condensa-
tion is by the wrapping of DNA around an octamer of the
four core histones to create the nucleosome core particle
(Kornberg 1977). Arrays of nucleosome cores can be con-
densed by binding of linker histone near the nucleosome
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dyad axis (Zhou et al. 1998), binding of corepressor
complexes (Fan et al. 2004; Francis et al. 2004; Sekiya
and Zaret 2007), and folding of nucleosomes into higher-
order structures (Schwarz and Hansen 1994). In the pro-
cess, substantial surface area of DNA faces the histone
octamer (Luger et al. 1997), and DNA access can be further
occluded by juxtaposition to nearby nucleosomes in chro-
matin fibers (Schalch et al. 2005). Within this context,
transcription factors and other DNA-transacting proteins
must locate their target sequences and open the path for
subsequent functions, such as transcription, replication,
and repair.

How do DNA-binding factors find their targets amidst
the tangle of nuclear chromatin? The ability to genetically
reprogram cells in the absence of DNA replication (Chiu
and Blau 1984) means that the problem is not generally
solved by simply having increased accessibility during
chromatin assembly in S phase. What is the role of DNA
sequence in destabilizing local nucleosome structure to
allow factor binding? Do different transcription factors
have different properties with regard to target site access?
How do histone modification states and chromatin remod-
elers alter target accessibility? Herein we review these
questions with a focus on “pioneer” factors, a special class
of proteins found to be able to access their DNA target
sites in chromatin when other factors cannot and to con-
tinue to access the DNA prior to the time of transcrip-
tional activation. We consider the role of pioneer factors
in endowing the competence for genes to be expressed.
Finally, we discuss the role of transcriptional competence
in the context of development, stem cells, and hormonal
regulation, where pioneer factors play crucial roles in cell
programming and conferring the ability of cells to respond
to environmental cues.

Parameters affecting transcription factor
access to target sites in chromatin

Genome-wide location analyses have shown that all known
transcription factors physically occupy less than a few per-
cent of their consensus target sites in the genome (Carr and
Biggin 1999; Iyer et al. 2001; Yang et al. 2006; Joseph et al.
2010; Kaplan et al. 2011). This simple observation indicates
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that chromatin features beyond DNA sequence dictate
where and when transcription factors bind their target sites.
It also raises the question of what chromatin modifications
may enhance transcription factor binding. Coupling con-
sensus sequence information with the genomic location
of other transcription factors in the same cell (Filion et al.
2010) can greatly improve the ability to predict whether a
factor will be found to bind a given target site. The im-
portance of cooperative binding is reflected by the obser-
vation that many transcription factors individually can-
not occupy their target sites on nucleosomal DNA in vitro,
but cooperative interactions among a group of such factors
can allow nucleosome binding (Adams and Workman 1995;
Steger and Workman 1997).

The location of histone-modifying enzymes, such as
the lysine acetyltransferase p300 at enhancers (Visel et al.
2009), and histone modifications, such as histone H3K4
methylation at active enhancers and promoters (Heintzman
et al. 2007; Mikkelsen et al. 2007; He et al. 2010), can also
help predict whether a transcription factor target sequence
will be occupied. Recent studies indicate that specific com-
plexes of factors directly bind to specific combinations of
modified histones (Bartke et al. 2010) apparently sensitive
to specific histone codes (Turner 1993; Strahl and Allis 2000;
Li et al. 2006). The presence of certain histone modifications
in chromatin can affect both transcription factor access
(e.g., Shogren-Knaak et al. 2006; Martino et al. 2009) and
transcriptional initiation (Vignali et al. 2000; Li et al. 2010).
Clusters of transcription factor-binding sites (e.g., at pro-
moters and enhancers) are often DNase I-hypersensitive
and thereby open for factors to bind (Boyle et al. 2011;
John et al. 2011; Kaplan et al. 2011; XY Li et al. 2011;
Pique-Regi et al. 2011). While current studies indicate that
long, noncoding RN As can be associated with specific ge-
nomic regions and associated regulatory factors (KC Wang
et al. 2011), it remains to be determined whether such
RNAs play an initiating role in targeting themselves or
transcription factors to DNA.

However, all of the above observations do not address
how general coregulators, chromatin modifiers, histone
modifications, and hypersensitivity become localized to
genomic sites in the first place and thus fail to resolve the
issue of how regulatory events are initiated at particular
genomic locations.

Nucleosome positioning or depletion can also affect
transcription factor binding. Mechanisms for destabilizing
nucleosomes in vivo, and thus increasing transcription
factor access, include the presence of poly(dA-dT) sequences
(Sekinger et al. 2005) and ATP-dependent nucleosome
remodeling complexes (Boeger et al. 2003; Reinke and
Horz 2003). The pervasiveness of apparent nucleosome-
free or nucleosome-destabilized regions at promoters
throughout the genome (Yuan et al. 2005; Mavrich et al.
2008) led to the hypothesis that such regions possess se-
quences that intrinsically destabilize the nucleosome (Segal
et al. 2006). However, reconstitution of genomes into nu-
cleosome arrays in vitro indicates that nucleosome posi-
tioning and destabilization are only partially due to in-
trinsic DNA sequence (Zhang et al. 2009; Valouev et al.
2011). Indeed, addition of a soluble nuclear extract to the
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yeast genome reconstituted into nucleosomes in vitro can
recapitulate much of the nucleosomal pattern seen in vivo
(Zhang et al. 2011). Histone variants, such as H3.3 and
H2A.Z, at promoters can also destabilize nucleosomes
(Zhang et al. 2005; Jin and Felsenfeld 2007; Jin et al. 2009).
To summarize, many or most regulatory regions do not
coincide with DNA sequence that assembles into intrin-
sically unstable nucleosomes. Thus, other mechanisms
are needed to expose the DNA. These considerations once
again raise the issue of how general chromatin remodeling
factors and histone variants that modulate nucleosome
position or stability are initially targeted to specific regions
of chromatin.

Initiating events in chromatin: pioneer
factors bind first

Chromatin immunoprecipitation (ChIP) and in vivo foot-
printing have been the primary methods for identifying
transcription factors that bind silent chromatin prior to
target gene activation. While ChIP-based approaches can
provide genome-wide views and are currently the most
frequently used methods for such analysis, they rely on
prior knowledge of factors to test for binding, and each
factor must be queried separately. In contrast, in vivo
footprinting only scans a several-hundred-base-pair region
and, based on the sequence being occupied, provides clues
to binding factor identities. However, in vivo footprinting
can comprehensively reveal DNA occupancy states and,
importantly, can show when a region is not occupied by
factors. This latter point is crucial for discovering which
factors bind DNA first and thus may be pioneer factors.
For example, in vivo footprinting analysis of the liver-
specific enhancer of the AIb1 gene in adult mouse liver
revealed a continuous array of five factor-binding sites
occupied over a 120-base-pair (bp) region that is impor-
tant for enhancer activity (Liu et al. 1991; McPherson
et al. 1993). Six binding sites were occupied at the same
sequence in nascent liver buds in mouse embryos (Gualdi
et al. 1996). However, in undifferentiated gut endoderm,
in which the AIbI gene is silent but competent for
activation, only two of the six factor-binding sites were
occupied (Gualdi et al. 1996). The binding sites were for
FoxA and GATA factors, which are expressed in the en-
doderm and nascent liver (Ang et al. 1993; Arceci et al.
1993; Monaghan et al. 1993; Laverriere et al. 1994) and
whose binding sites are crucial for AIb1 enhancer function
(Liu et al. 1991; Bossard and Zaret 1998). FoxAl, FoxA2,
and FoxA3 are highly related members of the Forkhead box
(Fox) family of transcription factors (Hannenhalli and
Kaestner 2009), and FoxA1l and FoxA2 are redundantly
expressed in the foregut endoderm and are necessary for
liver induction (Lee et al. 2005). GATA-4 and GATA-6 are
redundantly expressed in the foregut endoderm and are
necessary for early liver development (Holtzinger and Evans
2005; Zhao et al. 2005; Watt et al. 2007). Thus, the FoxA
and GATA factors were the first detectable factors to engage
the enhancer in development, and their expression is re-
quired for the induction of the liver program. While the
specific dimethyl sulfate protection technique used for in



vivo footprinting could have failed to detect other factors,
FoxA and GATA site occupancy clearly preceded occu-
pancy of the other enhancer-binding factors in nascent liver
and occurred in progenitor cells prior to gene activation.

By these criteria, FoxA and GATA are initial and im-
portant chromatin-binding factors, and as such were termed
pioneer factors. A distinction about the designation of pi-
oneer factors is that they not only perform a genetic func-
tion early in the activation of transcription, but they have
been physically shown to bind to the genome for a period
prior to activation and prior to other factors binding and,
as such, impart competence for activity (Fig. 1). Further-
more, as described below, pioneer factors have the special
property of being able to bind their target sites in con-
densed chromatin.

In the time since the discovery of FoxA and GATA
factors in this context, it has become clear that homologs
of both factors play crucial roles within a network for gut
development that is evolutionarily conserved in all meta-
zoans (Davidson and Erwin 2006). Notably, the activation
of genes involved in pharyngeal development by PHA-4,
the Caenorhabditis elegans homolog of FoxA, is, in the
first approximation, in the order of PHA-4’s apparent
affinity to its target binding sites (Gaudet and Mango
2002; Fakhouri et al. 2010). That is, the genes with sites
containing the highest similarity to the binding consensus
sequence for PHA-4 are usually expressed early in develop-
ment, when PHA-4 is first expressed, and genes that have
sites with weaker similarity to the consensus sequence for
PHA-4 are induced later in development, at the time of full
PHA-4 expression. This suggests that for many PHA-4
target sites, although not all, simple affinity for DNA is
a primary determinant of PHA-4 binding, rather than other
features of chromatin structure.

On the other hand, careful analysis of genome-wide
FoxA binding in the adult mouse liver revealed that FoxA
target sites with a medium or weak consensus binding
sequence were at genes that are much more liver-specific
than genes with a strong consensus sequence (Tuteja et al.

Most transcription Pioneer transcription
factors factors

e o

1- cooperativity allows
nucleosome/chromatin binding

2 - simultaneous binding
with other factors

1 - independent
nucleosome/chromatin binding

2 - precedes other factors binding

Figure 1. Properties that distinguish pioneer factors from other
transcription factors. Most transcription factors cannot access
their target sequences on nucleosomes or in compacted chro-
matin, yet can do so when binding in a highly cooperative
fashion with other transcription factors. Pioneer factors can
access their target sequences on nucleosomes and certain forms
of compacted chromatin, although not all forms. Pioneer factor
binding occurs for a stable period and precedes the binding of
other transcription factors.

Pioneer transcription factors

2008). Simple target site affinity was not a predictor of
FoxA occupancy, at least in terminally differentiated cells.
While the nature of this is discussed in detail below (and
see also Hoffman et al. 2010), Tuteja et al. (2008) did find
that medium- and lower-affinity, liver-specific targets were
highly enriched for binding of other hepatic nuclear fac-
tors, suggesting a role for cooperative binding during the
maintenance of differentiation. Furthermore, in adult liver
tissue, FoxAl and FoxA2 binding was not required to
maintain local nucleosome organization (Z Li et al. 2011).
While the two factors together are also not necessary for
late fetal hepatocyte differentiation (Li et al. 2009), they
are absolutely essential for the embryonic initiation of
hepatic differentiation (Lee et al. 2005). Also, from the
fetal stages onward, a third homolog, FoxA3, is expressed
in the liver and apparently provides compensation (Z Li
et al. 2011). Indeed, FoxA3 along with GATA4 are among
three factors that together can potently reprogram fibro-
blasts to hepatocyte-like cells (Huang et al. 2011). When
the technology evolves to enable the interrogation of ge-
nomic occupancy at the single-cell level, it will be inter-
esting to determine the impact of FoxA and GATA factors
on chromatin structure in the embryonic endoderm and
during the initial specification of the hepatic lineage.

In the meantime, many other examples of early chro-
matin binding have emerged. In B-cell development, in
vivo footprinting and ChIP show that an intronic en-
hancer of the Pax5 gene is bound and ultimately regulated
by PU.1, IRF4, IRF8, and NF-KB in multipotent hemato-
poietic progenitors prior to the time of Pax5 activation
(Decker et al. 2009). PU.1 itself can expand the linker
region between nucleosomes and promote local histone
modifications, likely contributing to its ability to enhance
binding of other factors (Ghisletti et al. 2010; Heinz et al.
2010). PU.1 and RUNXI1 prime transcription of the c-fms/
csf1R gene, with RUNXI1 being needed only transiently
(Krysinska et al. 2007; Hoogenkamp et al. 2009). There
are other examples where initial factor binding to en-
hancers is only transiently required for transcriptional
activation (Thomassin et al. 2001; Chong et al. 2010).
Taken together with the above discussion of FoxA, it sug-
gests that pioneer factors may function more for initiat-
ing a developmental lineage than maintaining it.

Recently, it has become appreciated that various tissue-
specific genes that are activated late in differentiation are
occupied by transcription factors in embryonic stem (ES)
cells, when the genes are silent (Xu et al. 2007, 2009; Liber
et al. 2010). These studies revealed that distinct transcrip-
tion factors, including FoxD3, Sox2, and Spl, can occupy
late differentiation genes in ES cells (Ram and Meshorer
2009; Smale 2010). Notably, FoxD3 was shown to block
methylation of an underlying CpG sequence at the silent
Alb1 gene in ES cells, demonstrating that pioneer factor
occupancy can modulate the local epigenetic state of chro-
matin (Xu et al. 2009). Furthermore, FoxD3 may serve as a
placeholder until the later appearance of FoxA1l during gas-
trulation. While it is not straightforward to determine the
functionality of a factor binding in ES cells for a gene such
as Alb1, which is induced many developmental steps later,
the emerging picture is that silent genes in progenitor cells
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may be generally marked for potential activity by pioneer
factors. The pervasiveness of this phenomenon in ES cells
underscores the importance of the hierarchical nature of
factor binding and provides new insights into the basis for
cell programming.

Active and passive means by which pioneer
factors are useful in development

In principle, pioneer factors in embryonic progenitor and
stem cells can enable development by active or passive
means. Pioneer factor binding could have no mechanistic
consequence, in terms of altering chromatin structure and/
or allowing other factors to bind, but the factors’ mere pres-
ence at a regulatory sequence could reduce the number of
subsequent factor-binding events that are needed for tran-
scriptional activation at a later time in development. This
passive mode is supported by the observation that the vast
majority of promoters and enhancers, particularly those in-
volved in tissue-specific expression, require binding by a
combination of transcription factors for activity (Boyer et al.
2005; MacArthur et al. 2009; Levine 2010). By having one
or a few factors bound in undifferentiated progenitor cells
that are not sufficient to induce transcription, a target gene
can be more rapidly activated when the final rate-limiting
factors appear; e.g., in response to developmental inductive
signals (Fig. 2). This will allow tissue specification and em-
bryogenesis to proceed quickly. An example of this is at the
aforementioned AIbI enhancer, where FoxA and GATA
factor sites are bound in the endoderm, allowing a rapid and
synchronous transcriptional response in the cell population
receiving liver-inductive signals. As discussed below, af-
ter differentiation, this passive role of pioneer factors—i.e.,
simply “being there” prior to gene expression—can help
confer rapid responses to hormonal induction.

Pioneer factors:

Active roles:

opening chromatin,
enable other factors to bind

Passive role:
prior binding speeds
inductive responses

partially bauu:d,.\%iive enhancer %ﬁﬁ%éé
* induction

\J
Figure 2. Passive and active roles for pioneer factors in endow-

fully bound, active enhancer

ing transcriptional competence. In the passive role, stable, prior
binding of pioneer factors to a complex regulatory sequence,
such as an enhancer element, reduces the number of additional
factors that are needed to bind at a later time in order to create
an active enhancer. Such “priming” can increase the rapidity of
a transcriptional response and is seen during development and
in hormonal regulation (Gualdi et al. 1996; Carroll et al. 2005).
In the active role, pioneer factors can directly facilitate other
factors binding to nucleosomal DNA (Cirillo and Zaret 1999) or
open up the local chromatin and thereby indirectly allow other
factors to bind (Cirillo et al. 2002).
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Pioneer factors can also function actively by helping to
open or organize the local chromatin, in turn allowing the
binding of other transcription factors, chromatin mod-
ifiers, and nucleosome remodelers. For example, direct
assessments of FoxAl and GATA-4, in comparison with
other Alb1 enhancer-binding proteins, showed that these
pioneer factors were uniquely capable of binding to their
target sites in highly compacted chromatin in vitro and
generating a local region of DNase or restriction enzyme
sensitivity (Cirillo et al. 2002). The FoxA factor was more
active than the GATA factor in this regard, and studies of
FoxE and FoxO have shown that they can similarly open
compacted chromatin (Cuesta et al. 2007; Hatta and Cirillo
2007). Notably, these studies found that the opening ac-
tivity is intrinsic to the transcription factor binding its
target in chromatin (and see below) and does not require
ATP or an ATP-dependent nucleosome remodeler. The
ability of FoxA factors to open chromatin in vivo has been
demonstrated by elegant studies of PHA-4, the C. elegans
homolog, whose binding to reiterated sites in compacted
chromatin in vivo leads to extensive decompaction of the
chromosomal domain (Fakhouri et al. 2010). In early de-
velopment, PHA-4 leads to the recruitment of the histone
variant H2A.Z to promoters, which in turn can contrib-
ute to local chromatin opening (Updike and Mango 2006).
With regard to FoxAl, a C-terminal domain of the pro-
tein, independent of the central, DNA-binding domain,
binds to core histones and is necessary for chromatin
opening in vitro (Cirillo et al. 2002). A simple explanation
for the chromatin opening activity is that by binding si-
multaneously to the DNA and the core histones, FoxAl
disrupts local internucleosomal interactions that are known
to stabilize chromatin higher-order structure (Schalch et al.
2005). Thus, the FoxAl pioneer factor has evolved a special
mechanism for keeping open a local domain of chromatin
and allowing the entry of other factors. Chromatin opening
properties have also been seen for the basic helix-loop-helix
(bHLH) factor TFE3, which, in vitro, induces hypersensitiv-
ity in chromatin and mediates local nucleosome positioning
(Ishii et al. 2004).

The heart of pioneer factor activity: accessing
target sequences on nucleosomes

Both of the active and passive functions of pioneer factors
involve an initial binding step to DNA target sites em-
bedded in chromatin. As noted above, it is clear that co-
operativity among binding partners can be sufficient for
many kinds of transcription factors to simultaneously en-
gage their target sites on nucleosomes or in compacted
chromatin and activate gene expression. However, in cases
in which the binding of various factors to a regulatory se-
quence is sequential in time, and thus not initially co-
operative, intrinsic capacities to bind nucleosomal DNA
and compacted chromatin can be significant.

A notable feature of FoxA pioneer factors is that the
crystal structure of their DNA-binding domain highly
resembles that of linker histone, an avid nucleosome-
binding protein (Fig. 3; Clark et al. 1993; Ramakrishnan
et al. 1993). Both FoxA and linker histone use the “winged



FoxA domain structure:

TAD DBD
N o
wing 1 core histone binding,

} chromatin opening

-7 HTH
A 3 slow movement
7o %— in chromatin (FRAP)
wing 2
linker histone FoxA

Figure 3. FoxA factors possess features of linker histones and
conventional transcription factors. The crystal structures of the
DNA-binding domains of linker histone (Ramakrishnan et al.
1993) and FoxA3 (Clark et al. 1993) are shown side by side. The
“winged helix” motif is evident in each, consisting of a helix—
turn-helix motif (HTH) flanked by wings of polypeptide chain
(wing 1 and wing 2) that make minor groove contacts along the
long axis of the DNA. Such binding allows other proteins (e.g.,
core histones) to reside on the other side of the DNA. Like
linker histone, the FoxA proteins move much more slowly
in chromatin than most other transcription factors, as assessed
by fluorescence recovery after photobleaching (FRAP) (Sekiya
et al. 2009). Unlike linker histone, FoxA proteins make specific
base contacts that direct target site binding and possess an
N-terminal trans-activation domain (TAD) (Pani et al. 1992).
Also, FoxA proteins possess a C-terminal domain that binds di-
rectly to core histone proteins and is necessary for the factor to
open chromatin (Cirillo et al. 2002).

helix” motif to bind along one “face” of DNA along the
long axis, which allows other proteins, such as core his-
tones, to bind on the other side. Indeed, FoxA proteins can
bind their target sites on a nucleosome core particle in
vitro and in vivo, and the DNA-binding domain alone is
sufficient for such binding (Cirillo et al. 1998; Chaya et al.
2001). While the FoxA factors have base-specific contacts
with DNA that are necessary for site-specific binding
(Clark et al. 1993; Sekiya et al. 2009), linker histone lacks
such contacts and does not bind DNA sites specifically. In
contrast, the globular domain of linker histone has a sec-
ond DNA-binding interface that allows the protein to bind
the DNA crossover point at or near the dyad axis of the
nucleosome (Goytisolo et al. 1996). While FoxA factors
lack the requisite basic residues on the “back” side of the
globular domain to enable such binding, conversion of anal-
ogously positioned residues to basic residues in FoxA en-
ables the factor to bind nucleosomes more tightly, similar
to linker histone (Cirillo et al. 1998).

Notably, FoxA proteins move in nuclear chromatin much
more slowly than other factors tested, implicating un-
usually tight chromatin binding in vivo (Sekiya et al. 2009).
In certain contexts, FoxA binding can displace linker his-
tone to allow other factors to bind chromatin (Taube et al.
2010). Also, like linker histone, FoxA and other Fox family
members are retained on mitotic chromosomes and thus
could serve as “bookmarking” proteins in mitosis (Yan
et al. 2006; Zaret et al. 2011). In conclusion, the struc-
ture of the FoxA DNA-binding domain appears interme-
diate between that of linker histone and other transcrip-
tion factors, and this feature contributes to pioneer
activity.

Pioneer transcription factors

There are several ways by which FoxA1l can enable the
binding of other transcription factors to DNA in chroma-
tin. The rate of association of FoxA for nucleosomes is
low, apparently due to the need for proper rotational phasing
of the target site on the nucleosome surface (Sekiya et al.
2009), but the rate of dissociation is much lower than that
for free DNA (Cirillo and Zaret 1999). Thus, binding of
FoxAl can help stabilize a nucleosome position (Shim et al.
1998), which in turn can phase other local binding sites
on and off of nucleosomes to modulate factor binding.
Also, binding of FoxA to an already positioned nucleo-
some can enable the binding of other transcription factors
that cannot bind on their own (Cirillo and Zaret 1999),
apparently due to the cooperative effects described above
(Adams and Workman 1995; Steger and Workman 1997).
Finally, FoxA proteins have an N-terminal, trans-activation
domain (Fig. 3; Pani et al. 1992) that presumably recruits
coregulators, which in turn can facilitate other factors to
enter the chromatin.

A distinct subset of other transcription factors has been
found to bind their target sites on nucleosomes, although
not necessarily via a linker histone-like fold. The gluco-
corticoid receptor (GR), which binds DNA via a zinc
finger motif, was the first transcription factor for RNA
polymerase II (Pol II) shown to bind its target site on
nucleosomal DNA (Perlmann and Wrange 1988; Perlmann
1992; Li and Wrange 1993). GR binding to transcriptionally
silent chromatin can initiate the formation of a nuclease-
hypersensitive site (Zaret and Yamamoto 1984; Richard-
Foy and Hager 1987). Although such target sequences may
be a minority for GR at the genomic level (John et al. 2011),
the sites where GR induces hypersensitivity are where other
factors can subsequently enter the chromatin and therefore
represent regions where GR serves as a pioneer factor (Voss
et al. 2011).

The yeast Gal4 protein’s DNA-binding domain can bind
nucleosomal DNA in vitro and in vivo, the latter without
replication, and stabilize distinct nucleosome positions
(Taylor et al. 1991; Pazin et al. 1998; Balasubramanian
and Morse 1999). In contrast, yeast heat-shock factor binds
nucleosomal targets after the nucleosomes have been
through early S phase (Venturi et al. 2000). The yeast Rapl
protein can bind target sites in chromatin and open the
domain for other factors (Yu and Morse 1999; Koerber et al.
2009). In early Xenopus embryos, prior to the mid-blastula
transition, B-catenin occupies silent genes and establishes
poised chromatin states that are necessary for later tran-
scription (Blythe et al. 2010).

In summary, pioneer transcription factors have nucleo-
some-binding properties that distinguish the proteins from
other DNA-binding factors. Pioneer factors can thus ac-
tively help initiate the assembly of regulatory factors on
the DNA by either opening the chromatin locally, posi-
tioning nucleosomes, enabling intrinsic cooperative bind-
ing effects among other DN A-binding factors, or directly
recruiting other chromatin modifiers and coregulators. In
addition, pioneer factors have the passive role of simply
being engaged at a complex regulatory sequence, requiring
fewer subsequent factors to bind for regulatory activity.
Both the active and passive roles are used extensively in
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developmental gene induction, and in sections below, we
see how they have evolved to promote timely physiologic
responses to hormones and are significant in human cancers.

Pioneer factors recruiting corepressor complexes

While the emphasis of the field has been on the positive
regulation of gene expression, evidence is emerging that
pioneer factors are also used to establish stably silenced
domains of the genome. Groucho/TLE corepressor pro-
teins can interact specifically with FoxA (Fu et al. 2000).
The interaction was found to allow FoxA to recruit TLE3/
Groucho-related protein 3 (Grg3) to specific genomic target
sites, causing the local chromatin to close rather than open,
and thereby elicit transcriptional repression (Sekiya and
Zaret 2007). Interestingly, while Grg3 tetramers by them-
selves avidly bind chromatin, they do not elicit closing,
herein defined as conferring resistance to nuclease access
(Sekiya and Zaret 2007). However, upon being recruited to
a specific target site by FoxAl, Grg3 now closes three to
four nucleosomes in the vicinity. Similar effects were seen
by recruitment of Grg3 to DNA by HES], the latter func-
tioning downstream from Notch signaling.
Undifferentiated embryonic endoderm cells express
Grgl and Grg3 when the albumin gene is silent, and both
Grgs are markedly down-regulated during hepatic speci-
fication when the albumin gene is activated (Santisteban
et al. 2010). Forced maintenance of Grg3 expression in
cultured endoderm impairs albumin induction. Taken to-
gether, it appears that FoxA may recruit a corepressor to
maintain the silent, competent state, and loss of the co-
repressor contributes to activation that is enabled by FoxA
and additional factors that bind the enhancer during liver
induction (Gualdi et al. 1996). We speculate that the open
state provided by FoxA binding alone could make cells
more prone to inappropriate gene activation in response to
random fluctuations in inductive signals, and thus recruit-
ing a corepressor prior to activation provides insurance
against premature gene expression. It will be interesting to
determine the generality of the model of pioneer factors
recruiting corepressors in the silent but competent state.
Indeed, a recent study of FoxA-binding events in the adult
liver at genes that are transcriptionally silent revealed
consistent patterns of repressor proteins bound nearby
(Watts et al. 2011). This suggests a network of repressors
interacting with FoxA at silent genes in cells where the
factor otherwise functions as an activator of transcription.

Pioneer factors enabling hormone induction
in differentiated cells

Defining the pioneer factors that govern the priming of
gene expression in differentiated cells, enabling other tran-
scription factors to bind to regulatory regions, has largely
revolved around steroid hormone receptors in solid human
cancers. Estrogen receptor (ER) is an essential transcrip-
tion factor for the development and function of female
reproductive organs, such as the mammary gland (Couse
and Korach 1999). In adults, ER contributes to tumor for-
mation in almost three-quarters of breast cancer cases (Ali
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and Coombes 2002; Green and Carroll 2007). ER is a
member of the nuclear hormone receptor family of tran-
scription factors, a subset of which, including the andro-
gen receptor (AR) and the GR, is not stably bound to
chromatin in unstimulated cells (Glass and Rosenfeld
2000; Hager et al. 2004). Each of these nuclear receptors
binds its specific steroid ligand, whereupon it binds to
chromatin and activates specific target genes.

Despite intensive investigation into ER-associated pro-
teins and the target genes regulated by ER under different
hormonal conditions, our understanding of the chromatin
competence that enables ER binding to chromatin was ru-
dimentary until ~5 years ago. An appreciation for chro-
matin priming and the role for pioneer factors in hor-
mone-responsive differentiated cells evolved following
the coupling of ChIP with microarrays (ChIP-on-chip) or
with high-throughput sequencing (ChIP-seq) for global
transcription factor mapping. Thus, ER was one of the
first transcription factors mapped across both promoter
and nonpromoter regions. Unbiased ER genome location
mapping experiments in breast cancer cell lines revealed
that the majority of ER-binding events occur at signifi-
cant distances from promoters (Carroll et al. 2005, 2006;
Lin et al. 2007) and that transcription involves long-
distance interactions between cis-regulatory elements where
ER binds and the promoters of target genes in chromatin
(Fullwood et al. 2009). Computation analysis of the collec-
tion of ER-binding regions revealed various DNA-binding
motifs, including those for estrogen-responsive elements
(EREs) and for Fox factors (Carroll et al. 2005).

In ER-expressing (ER*) MCF-7 breast cancer cells,
FoxAl is the forkhead factor that is constitutively bound
to chromatin regions that are also bound by ER following
estrogen treatment (Carroll et al. 2005; Eeckhoute et al.
2006). About half of all ER-binding regions overlap with a
FoxAl-binding region, suggesting significant genomic co-
occupancy between the two factors (Carroll et al. 2005;
Lupien et al. 2008; Hurtado et al. 2011). Knockdown of
FoxAl by RNAI results in decreased ER binding (Carroll
et al. 2005; Hurtado et al. 2011), decreased cofactor re-
cruitment (Eeckhoute et al. 2006), and decreased estrogen-
stimulated transcription (Carroll et al. 2005; Laganiere
et al. 2005; Eeckhoute et al. 2006). In addition, loss of
FoxAl results in cell cycle arrest of ER-positive breast
cancer cells (Laganiere et al. 2005; Hurtado et al. 2011).
Importantly, in ER-positive breast cancer cells, FoxAl
binding is not dependent on ER binding (Laganiere et al.
2005; Hurtado et al. 2011). The dependency of significant
ER binding on FoxAl illustrates that the latter functions
as a pioneer factor for ER in breast cancer cells. FoxAl
binding is required for genes that are either induced or
repressed by ER, as well as for ER binding in the presence
of both an agonist (estrogen) and an antagonist (tamoxifen)
(Malik et al. 2010; Hurtado et al. 2011).

In gene expression data sets from primary breast can-
cers, FoxAl is one of the minimal genes that defines an
ER* luminal breast cancer (Perou et al. 2000; Sorlie et al.
2003), and its expression negatively correlates with tumor
grade and is associated with better survival (Laganiere
et al. 2005; Thorat et al. 2008; Albergaria et al. 2009).



Recent work has suggested that the pioneering function
of FoxAl in mediating ER transcriptional activity also
occurs during mammary gland development (Bernardo
et al. 2010). Additionally, ER can positively regulate
FoxAl expression (and that of GATA3); thus, estrogen
action could be amplified in a positive, feed-forward loop
that includes ER, FoxAl, and GATA3 (Laganiere et al.
2005). By this means, the pioneer function of FoxA1l could
be co-opted by breast cancer cells to promote their aggres-
sive growth phenotype in response to estrogen signaling.

Genomic analysis of FoxA1l and chromatin
modifications at target sites

The number of ER-binding events in the breast cancer ge-
nome ranges from ~8000 to ~15,000 (Welboren et al. 2009;
Joseph et al. 2010; Ross-Innes et al. 2010; Hurtado et al.
2011), although this number increases as the sensitivity of
the technology evolves. Given the fact that ~1 million pre-
dicted EREs exist in the human genome (Vega et al. 2006),
of which >220,000 are optimal binding sequences (Joseph
et al. 2010), additional levels of regulation must govern ER-
binding potential. The requirement for a Forkhead motif
and FoxA1 binding contributes to the selectivity in ER bind-
ing. In the absence of FoxA1l, ER binding can be mediated
by other factors, resulting in distinct ER-binding profiles.
This is observed in U20S osteosarcoma cells stably express-
ing ER (Monroe et al. 2003), where ER is recruited to ge-
nomic loci that are different from the ER-binding profile
observed in breast cancer cells (Krum et al. 2008). Expres-
sion of FoxAl in U20S-ER cells can induce ER binding to
regions previously only observed in the breast cancer cells,
and this alters the genes that estrogen-ER can transcribe
(Hurtado et al. 2011). Hence, FoxAl binding, in combina-
tion with the presence of an ERE, is a primary determinant
of ER binding to chromatin.

The number of FoxAl-binding events in the MCEF-7
genome ranges from ~13,000 to ~80,000 (Lupien et al.
2008; Hurtado et al. 2011). The wide range in numbers is
again due to the increasing sensitivity of the evolving
ChIP-seq technology. Interestingly, similar to ER, FoxAl
binding only occurs at a fraction of the genomic regions
containing a Forkhead motif (Lupien et al. 2008), suggesting
that additional levels of specificity dictate genuine FoxAl-
binding events. Thus, despite being a pioneer factor, FoxAl
binding to chromatin can be enabled or restricted by other
parameters. DNA methylation may contribute to impaired
chromatin access by FoxAl. The Forkhead motif lacks the
classic methylated GC sequence (Nakshatri and Badve
2009), and both ER- and FoxAl-binding events tend to be
at hypomethylated regions (Serandour et al. 2011). As such,
heavily methylated regions may negatively impact ER-
and/or FoxAl-binding potential. In support of this, forced
expression of FoxAl in a FoxAl- and ER-negative breast
cancer cell line results in opportunistic FoxAl binding at
hypomethylated regions of the genome (Serandour et al.
2011). In addition, specific H3K4 histone modifications
correlate positively with FoxAl-binding potential. His-
tone 3 Lys 4 trimethylation (H3K4me3) tends to occur at
promoter regions, and H3K4mel and H3K4me2 are bi-
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ased toward enhancer regions (Santos-Rosa et al. 2002;
Heintzman et al. 2007). Lupien et al. (2008) confirmed
that H3K4mel and H3K4me2 marks are enriched at cis-
regulatory domains that are bound by ER and FoxAl.
Expression of KDM1 (LSD1), a demethylase that specifi-
cally removes methyl groups from H3K4 (Shi et al. 2004),
negatively affects FoxAl binding (Lupien et al. 2008), but
specific silencing of FoxA1 does not affect the presence of
H3K4mel or H3K4me2 marks, implying that the pres-
ence of the H3K4mel and H3K4me2 marks is important
for FoxAl binding (Lupien et al. 2008) and, therefore, ER
binding (Carroll et al. 2005; Laganiere et al. 2005; Hurtado
et al. 2011). Despite these considerations, expression of
FoxAl in ER-negative cells results in opportunistic bind-
ing of FoxAl to numerous regions lacking H3K4mel or
H3K4me2 marks, followed by subsequent methylation of
these histone residues (Serandour et al. 2011).

By combining FAIRE (formaldehyde-assisted isolation
of regulatory elements) (Giresi et al. 2007) or DHS (DNase-
hypersensitive site) analysis with high-throughput se-
quencing, a global understanding of chromatin structure
is evolving (Eeckhoute et al. 2009; Joseph et al. 2010;
Hurtado et al. 2011; John et al. 2011; Serandour et al. 2011).
FoxAl-binding events in MCF-7 cells are enriched at
regions with high FAIRE signal, representing nucleo-
some-depleted domains (Eeckhoute et al. 2009), and FoxAl
is required for maintaining active chromatin (Eeckhoute
et al. 2009; Hurtado et al. 2011), possibly by inhibiting linker
histone association and subsequent chromatin condensa-
tion (Cirillo et al. 2002; Taube et al. 2010). Specific si-
lencing of FoxAl decreases the hypersensitivity of spe-
cific ER- and FoxAl-binding regions without affecting
H3K4mel or H3K4me2 levels (Lupien et al. 2008), high-
lighting the fact that FoxAl can decouple histone mod-
ifications from global chromatin accessibility.

In vitro, FoxAl can bind efficiently to nucleosomes and
chromatin made with recombinant histones that lack
modifications (Sekiya and Zaret 2007; Sekiya et al. 2009).
Thus, it is not yet clear whether the modulation of FoxAl
binding by the histone modification state in vivo is due
to a direct effect of the modification or indirect effects of
other factors recruited to the chromatin domain.

Based on all of the above, we conclude that there are
defined features of chromatin that can facilitate FoxAl
binding in breast cancer cells (Fig. 4). These include the
presence of the FoxA consensus motif, the absence of DNA
methylation (Serandour et al. 2011), nucleosome depletion,
and the presence of H3K4mel and H3K4me2 modifica-
tion (Joseph et al. 2010). Upon FoxA1 binding, chromatin
condensation is relieved further, thereby allowing ER to
bind to local EREs (Carroll et al. 2005). This establishes a
stable platform for recruitment of ER-associated cofac-
tors and mediating chromatin loops with promoters of
target genes.

Interaction between FoxAl and diverse
nuclear receptors

A role for FoxAl as a nuclear receptor regulatory protein
and pioneer factor is not limited to ER and appears to be
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Figure 4. Optimal chromatin features for FoxAl bind-
ing to chromatin in breast cancer cells. The figure
shows features that enhance or inhibit FoxAl binding
to chromatin in the breast cancer cell line, where
parameters have been investigated in detail. FoxAl
binding in turn enables binding by ER and its cofactors,
leading to the stimulation of transcription of target
genes under estrogen hormonal control.

FoxA1 and ER binding region

a more general phenomenon observed for other hormone-
responsive nuclear receptors. It has been well established
that both FoxAl and FoxA2 interact with the AR, the
driving transcription factor in prostate cancer cells. Mech-
anistically, AR-binding regions in the androgen-sensitive
prostate cancer cell line LnCaP are enriched for Forkhead
motifs (Wang et al. 2007; Jia et al. 2008); more than half of
the AR-binding events in LnCaP cells overlap with a FoxA1-
binding event (Lupien et al. 2008). Silencing of FoxA1l de-
creases AR binding (Wang et al. 2009) but simultaneously
induces numerous new AR-binding events (D Wang et al.
2011), suggesting that FoxAl both positively and nega-
tively regulates AR-binding potential.

AR binding in other contexts can also require the pio-
neering function of FoxA1. Molecular apocrine breast can-
cers are ER™ AR" but express a gene expression pattern
resembling an ER* breast cancer (Farmer et al. 2005; Doane
et al. 2006). In molecular apocrine breast cancer cells, AR
substitutes for ER and uses FoxAl to bind to the regulatory
regions normally occupied by ER (Ni et al. 2011; Robinson
et al. 2011).

In addition to ER and AR, FoxAl may influence GR
function. Much work delineating GR function has evolved
from analysis of the MMTV promoter region, a GR-regu-
lated chromatin domain (Ostrowski et al. 1983; Zaret and
Yamamoto 1984; Richard-Foy and Hager 1987). FoxAl
binding alters chromatin structure regardless of whether
GR is bound to the MMTYV promoter or not (Holmqvist
et al. 2005). GR binding to the MMTYV promoter is
enhanced by expression of FoxAl (Belikov et al. 2009),
supporting a model in which FoxAl mediates optimal
chromatin structure and the association of both GR and
GR-associated transcription factors. Following FoxA1l and
GR recruitment to the MMTYV promoter, associated tran-
scription factors, including NF1 and Octl, can get recruited
and increase transcriptional activity, but this can be de-
pendent on the presence of FoxAl (Belikov et al. 2009). As
noted above, many GR-binding events occur at regions
that are already open and accessible (John et al. 2011).
However, GR binds its target site on nucleosomal DNA
(Perlmann and Wrange 1988), and there are numerous
genomic sites where such “pioneer” binding creates local
hypersensitivity and promotes the recruitment of other
transcription factors (Voss et al. 2011). Currently, it is
unclear how GR can serve as a pioneer factor, but the
related ER and AR steroid receptors appear to require
distinct factors with “pioneer” activity.
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GATA and other pioneer factors for nuclear receptors

The initial work on pioneer factors for nuclear receptors
revolved around FoxAl, but there is much interest in
identifying and characterizing other proteins that help
nuclear receptors engage silent, condensed chromatin.
Analysis of additional enriched motifs within ER-binding
domains beyond those for FoxAl (Carroll et al. 2005)
revealed the overrepresentation of motifs for GATA tran-
scription factors (Lin et al. 2007). Similar to FoxAl,
GATA3 is another gene that characterizes an ER" luminal
breast cancer (Perou et al. 2000; Sorlie et al. 2003). GATA3
and FoxAl correlate in breast cancer cells (Yamaguchi
et al. 2008) and have long been implicated in a network
with ER (Lacroix and Leclercq 2004). GATAS is required
for mammary gland development (Asselin-Labat et al.
2007) and maintains cellular differentiation in the adult
(Kouros-Mehr et al. 2006). GATAS3 is recruited to ER cis-
regulatory elements and is essential for ER-mediated
transcription of target genes and for growth of MCF-7
breast cancer cells (Eeckhoute et al. 2007). GATA motifs
are also enriched in AR-binding events in LnCaP prostate
cancer cells, and GATA2 is shown to be recruited to
several AR-binding regions, where it is required for
effective AR—chromatin interactions (Wang et al. 2007).
Therefore, in prostate cancer cells, GATA2 plays a role as
a pioneer factor for AR. In U20S-ER osteosarcoma cells,
where FoxAl and GATA3 are absent, ER binding is
redirected to different regions in the genome (Krum
et al. 2008), and this is mediated by GATA4 (Miranda-
Carboni et al. 2011). Since GATA proteins can bind to
condensed chromatin and can induce local nuclease hy-
persensitivity, albeit more weakly than that by FoxAl
(Cirillo et al. 2002), GATA factors appear to function as
pioneer factors for ER and AR in hormone-dependent
cancers.

AP-2 motifs are also enriched in ER-binding regions
(Tan et al. 2011), and AP-2y binds to a significant fraction
of ER-binding events, where it is essential for estrogen-
mediated transcription and ER binding (Tan et al. 2011).
The ER-binding regions that are cobound by AP-2vy also
tend to be occupied by FoxAl, and, interestingly, AP-2+
and FoxAl require each other for effective binding capacity
(Tan et al. 2011). As such, the emerging picture involves
multiple pioneer factors that contribute to ER-chromatin
interactions, with an interplay and dependency existing be-
tween the factors.



Pioneer factors as drug targets in cancer

The growth of many hormone-driven solid tumors (e.g., of
breast and prostate) are mediated by nuclear receptors,
and, as such, it is possible that their accompanying pio-
neer factors may constitute therapeutic targets (Nakshatri
and Badve 2007; Fu et al. 2011; Hurtado et al. 2011). In
both breast and prostate cancer, drug resistance is a fre-
quent problem. Approximately 80% of metastases that
come from an ER* luminal breast cancer maintain ER
expression (Harrell et al. 2006), and resistance to one ER
antagonist does not always render a tumor resistant to
additional ER antagonists (Ali and Coombes 2002). This
implies that ER transcriptional activity drives cell pro-
liferation even in a drug-resistant context, and thus it is
possible that FoxAl is still mediating ER-chromatin in-
teractions as a pioneer factor.

Growth factor pathways contribute to endocrine re-
sistance (Knowlden et al. 2003, 2005), and induction of
AKT or EGF pathways results in acquisition of unique ER-
binding events (Bhat-Nakshatri et al. 2008; Lupien et al.
2010). In the case of EGF stimulation, the growth factor-
mediated ER-binding regions are enriched with Fox motifs
(Lupien et al. 2010). A similar situation is seen in tamoxifen-
resistant MCF-7 breast cancer derivatives (Knowlden et al.
2003), where ER-binding regions are acquired during re-
sistance, and these correlate with a gain in FoxAl binding
(Hurtado et al. 2011). Specific silencing of FoxA1 inhibits the
proliferation of tamoxifen-resistant MCF-7 cells (Hurtado
et al. 2011) and of tamoxifen-resistant ER™ breast cancer
cells possessing the HER2 amplification (Yamaguchi et al.
2008). Thus, an inhibitor that blocks FoxAl or other es-
sential pioneer factors may have therapeutic potential in
these nuclear receptor-driven cancer types, where tradi-
tional therapies have failed.

Summary and perspectives for cellular reprogramming

It is now appreciated that in undifferentiated stem cells
and embryonic progenitors as well as in fully differenti-
ated cells, genes can exist in stable states where they are
transcriptionally silent, yet competent for expression. Such
silent yet competent states enable a rapid transcriptional
response to inductive signals (Fig. 2). Many studies have
revealed chromatin marks (Bernstein et al. 2006) and
poised RNA polymerase (Nechaev and Adelman 2011) at
silent genes that are competent for expression. Indeed,
release from transcriptional pausing has emerged as a major
mechanism of regulation. Yet general factors such as RNA
Pol IT and chromatin modifiers must be recruited by pro-
teins that recognize specific DNA sequences and target
them to particular regions of the genome. Pioneer factors,
including FoxA proteins, can initiate such regulatory
events, at least in part due to their resemblance to linker
histone, and, hence, special nucleosome- and chromatin-
binding properties. While FoxA binding to target sequences
on nucleosomes is efficient in vitro with unmodified his-
tones, in vivo the factor exhibits preferences for particular
modified domains. Despite such modulation, FoxA fac-
tors still bind chromatin sites when other factors cannot,
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and enable other factors to bind. Further work is required
to assess the roles that chromatin modifications and
other regulatory complexes play in enhancing or restrict-
ing pioneer factors binding to chromatin.

Developmental and genetic studies have identified many
transcription factors that are necessary for the specification
of different cell types and that are likely to function as
pioneer factors. Currently, there is interest in using this
information to reprogram cells of one fate to another or to
pluripotency by transducing transcription factor genes.
The approach began with the transcription factor MyoD,
which, when introduced into fibroblasts, was found to
initiate the myogenic program (Davis et al. 1987). Other
examples include GATA1, whose ectopic expression in
monocytes induces the erythroid and megakaryocyte pro-
grams (Visvader et al. 1992; Kulessa et al. 1995); C/EBPa
and C/EBPB, whose expression in B cells activates the
macrophage program (Xie et al. 2004); and, in perhaps the
most dramatic example, Pax6, whose expression can cause
the appearance of additional eyes growing out of a fly
(Halder et al. 1995). These cases of trans-differentiation
are paradigms for “direct reprogramming” approaches to
create cells of biomedical interest, which include creating
liver hepatocytes and pancreatic B cells (Shen et al. 2000;
Sapir et al. 2005; Jarikji et al. 2007; Zhou et al. 2008;
Yechoor et al. 2009). In many of the gene transduction
studies, multiple factors are required for the cellular con-
version, and in cases in which a single ectopic factor has
been used, it converts cells from related germ layer lineages.
For example, binding of MyoD to the silent myogenin pro-
moter to induce myogenesis occurs by interaction with a
prebound Pbx factor, which is widely expressed in meso-
dermal and other cell types (Berkes et al. 2004). These
points underscore the role of cooperativity among factors
in the starting population of cells.

An additional dramatic example of cellular reprogram-
ming is the ability of ectopic Oct4, Sox2, K1f4, and c-Myc
factors to convert somatic cells to pluripotency (Takahashi
and Yamanaka 2006; Hochedlinger and Plath 2009).
Only a small subset of the targeted cells becomes con-
verted, suggesting that either a subset of the cells are com-
petent or stochastic parameters are involved (Yamanaka
2009). The latter could include epigenetic factors and
varying expression of other regulatory factors in the pop-
ulation of cells. A role for an epigenetic component is
supported by the ability of inhibitors of histone-modifying
enzymes to enhance reprogramming (Huangfu et al. 2008;
Shi et al. 2008). Increasing the number of cell divisions
during reprogramming increases the time for stochastic
events to occur, and thus enhances reprogramming effi-
ciency (Hanna et al. 2009). Still, this is in contrast to the
relatively high efficiency with which somatic cell nuclear
transfer to eggs and oocytes can elicit reprogramming
(Gurdon et al. 1958). In all cases of reprogramming cells to
pluripotency, the relevant transcription factors must en-
gage many silent target sites and open the chromatin for
transcription. However, it remains to be determined whether
Octd4, Sox2, Klf4, c-Myc, and other pluripotency factors
individually possess pioneer factor activities, or whether
their engagement of silent chromatin sites is predomi-
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nantly via simultaneous, cooperative binding, as discussed
above (see Fig. 1).

As noted previously, the pioneer factors FoxA3 and
GATA4 are among a group of gene regulatory proteins
that enable reprogramming of fibroblasts to hepatocytes
(Huang et al. 2011). The ability of the male genome to be
reprogrammed efficiently upon fertilization and the high
efficiency of reprogramming by somatic cell nuclear trans-
fer illustrate that there must exist specific mechanisms by
which early developmental transcription factors can effi-
ciently gain access to chromatin and reprogram the genome
(Jullien et al. 2011). We expect that detailed studies of the
diverse factors being used for cellular reprogramming will
reveal subsets of factors with dominant chromatin-binding
functions and pioneer activity. Defining how pioneer fac-
tors act in these and other contexts to enable subsequent
regulatory events in chromatin will provide insight into
methods for increasing the efficiency of cellular reprogram-
ming, an understanding of hormonal control, and a better
sense of how perturbations of pioneer factor expression or
activity dysregulates the genome in cancer.
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