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Pioneer factors and ATP-dependent
chromatin remodeling factors interact
dynamically: A new perspective

Multiple transcription factors can effect chromatin pioneer functions through
dynamic interactions with ATP-dependent chromatin remodeling factors

Erin E. Swinstead, Ville Paakinaho, Diego M. Presman and Gordon L. Hager*

Transcription factor (TF) signaling regulates gene tran-
scription and requires a complex network of proteins. This
network includes co-activators, co-repressors, multiple
TFs, histone-modifying complexes, and the basal tran-
scription machinery. It has been widely appreciated that
pioneer factors, such as FoxA1 and GATA1, play an
important role in opening closed chromatin regions,
thereby allowing binding of a secondary factor. In this
review we will focus on a newly proposed model wherein
multiple TFs, such as steroid receptors (SRs), can function
in a pioneering role. This model, termed dynamic assisted
loading, integrates data from widely divergent methodol-
ogies, including genome wide ChIP-Seq, digital genomic
footprinting, DHS-Seq, live cell protein dynamics, and
biochemical studies of ATP-dependent remodeling com-
plexes, to present a real time view of TF chromatin
interactions. Under this view, many TFs can act as initiating
factors for chromatin landscape programming.
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Furthermore, enhancer and promoter states are
more accurately described as energy-dependent,
non-equilibrium steady states.
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Introduction

In eukaryotes, DNA binding proteins are responsible for the
regulation of gene expression as well as the development and
differentiation of cells. The organization of the eukaryotic
genome into chromatin via the association with histones
and non-histone proteins in the nucleus is essential for the
function of these processes [1, 2]. The modulation of the
chromatin structure plays an important role in controlling
the transcriptome, specifically, in the activation and repres-
sion of steroid receptor (SR) mediated transcription [3].
Pioneer factors, a special class of transcription factors
(TFs), have been described as being able to access their DNA
target sites in closed chromatin, allowing the binding of other
TFs [4]. The first described pioneer factors were FoxA and
GATA proteins, observed to occupy liver-specific enhancers
prior to hepatic induction [5, 6]. It was later shown that
forkhead box A1 (FoxA1) and GATA binding factor 4 (GATA4),
members of the FoxA and GATA family, respectively, could
target DNA sites in isolated nucleosomes [7, 8], suggesting an
ability of these two factors to penetrate closed chromatin. This
led to the concept that this special set of TFs have unique
“pioneering abilities,” capable of targeting closed chroma-
tin [9]. Although this model suggests long term, static binding
events are associated with pioneering activity, recent findings
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from several groups describe highly dynamic factor/chroma-
tin interactions for many factors, including pioneer pro-
teins [10-14]. We have recently shown that a subset of FoxA1
binding events require the activation of the estrogen or
glucocorticoid receptors (ER and GR, respectively), members
of the SR family, whereby, ER or GR opens closed chromatin
for FoxA1 binding [11], a behavior similar to the properties of a
pioneer factor. In agreement, Ballare et al. have demonstrated
that the progesterone receptor (PR) can initiate chromatin
binding and remodeling of core nucleosomes, and linker
histone H1, qualifying it as a bona fide pioneer factor [15].
Moreover, the retinoic acid receptor is able to bind and induce
remodeling of highly compacted chromatin in vitro [16].

In addition, we demonstrated through single-molecule
tracking (SMT) experiments that FoxAl, like ER and GR,
manifests a relatively short DNA residence time (~9 seconds),
signifying a highly dynamic TF [11]. This behavior is
inconsistent with the putative long duration of open
chromatin sites created by a pioneer factor. In light of these
findings, we propose that classical pioneer factor models
should be reconsidered. TFs can initiate chromatin-remodel-
ing events throughout the genome through the recruitment of
ATP-dependent chromatin remodeling factors, thereby pro-
viding access to other factors. This event is interchangeable
between initiating factors depending on the local chromatin
landscape and accessibility of remodeling factors. Here we
will discuss the rationale behind this new model, termed
“Dynamic Assisted Loading” (DynALoad), and contrast with
the classically established role of pioneer factors. We will
further review the known involvement of ATP-dependent
remodeling factors in modulating the chromatin landscape for
TFs, including previously described pioneer factors, and the
newly established dynamic nature of most TFs.

Does FoxA1 always function as a
pioneer factor for TF recruitment?

To date, FoxA1l has been well described to play a functional
role in breast cancer progression through its known ability to
recruit ER to over 50% of its binding sites. Further, 90% of ER
sites have been described as inhibited or decreased when
FoxAl is silenced, aiding in the ER proliferative response in
breast cancer [17-21]. It was also reported that inhibition of ER
did not affect FoxAl binding events [20, 21], suggesting a
factor with a very prominent pioneering function. However,
more recent studies suggest that ER or GR can both play a role
in regulating FoxA1 binding events. This implies the model is
more complex than previously suggested. Specifically, an
early finding by Grange et al. [22] showed that GR could
modulate FoxA1 binding at a specific glucocorticoid response
element (GRE) within the GR-responsive unit of the rat
tyrosine aminotransferase gene. Importantly, Grange et al.
showed that the two factors competed for binding on pure
DNA templates, indicating the two proteins could not
co-occupy the GRE. It was next reported that 29% of FoxAl
binding sites stimulated by E2 were dependent on ER binding
events in MCF-7 breast cancer cells [23]. A more recent study
identified that ER binding sites observed in the unliganded
state are frequently occupied by a FoxA1 motif and silencing of
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ER resulted in a decrease of FoxA1 binding [24]. In support of
these findings, we have recently shown that there is a subset
of FoxA1l binding events genome-wide that do not display a
pioneer role for ER or GR. Rather these two SRs pioneer for
FoxAl, putatively through the DynALoad mechanism [11]. A
careful examination of ER and FoxA1 binding events in MCF-7
breast cancer cells that we recently published [11] shows that a
large proportion of FoxA1 binding events (~80%), regardless
of hormone stimulation, are further than 500 base pairs from
an ER binding site stimulated by E2 (Fig. 1). We further
investigated the location of the reported FoxA1 binding events
modulated by ER, and ER binding events modulated by
FoxA1 [11]; for this group we see a closer interaction between
the two TFs (Fig. 1). Therefore, we suggest that FoxA1’s role is
not solely to recruit SRs to chromatin; rather, in some cases
the role may be reversed. In the DynALoad model, we propose
that the first initiating factor can create an open chromatin
state through recruitment of potential chromatin remodeling
factors, allowing the binding of a secondary initiating

A Percentage of FoxA1 untreated peaks to ER+E2 peak
0bp 50 bp 100 bp 500 bp
| — [ — T 1
0.01% 11.43% 16.20% 19.67%
B Percentage of FoxA1+E2 peaks to ER+E2 peak
0bp 50 bp 100 bp 500 bp
I i — T 1
0.15% 12.61% 17.53% 20.94%
C Percentage of ER+E2 peaks to closest FoxA1+E2 peak
0bp 50 bp 100 bp 500 bp
I — — T 1
0.43% 34.82% 48.43% 57.93%
D Percentage of *FoxA1 assisted by ER peaks to ER+E2 peak
0bp 10 bp 50 bp 100 bp
I n [l | —
57.45% 70.21% 91.06% 95.32%
E Percentage of “ER assisted by FoxA1 peaks to peak
0bp 10 bp 50 bp 100 bp
| n — —
44.17% 57.70% 81.38% 95.60%

Figure 1. Classical pioneer factor model of FoxA1 in breast cancer
cells is not supported by the distances of estrogen receptor (ER)
and FoxA1 binding sites. A and B: lllustration of distances of FoxA1
binding sites in untreated (A) and estradiol (E2) (B) treated cells in
relationship to ER binding sites in E2 treated cells. C: lllustration of
distances of ER binding sites in E2 treated cells in regards to FoxA1
binding sites in E2 treated cells. These distances indicate more
complex action between ER and FoxA1 than originally described.
D and E: The distances of FoxA1 assisted by ER (D) and ER
assisted by FoxA1 (E) binding sites. The binding sites where FoxA1
binding is assisted by ER are closer together than the sites where
ER binding is assisted by FoxA1.
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Figure 2. Regulation of chromatin accessibility by pioneer factors and steroid receptors
involve ATP-dependent chromatin remodeling complexes. A: Dynamic assisted loading of
steroid receptor (SR) and FoxA1 in breast cancer cells occurs in a symmetric manner
(upper panel). Activated SRs are able to open closed chromatin regions, and assist the
binding of FoxA1 (left panel). In the classical pioneer factor model, FoxA1 open closed
chromatin regions and assist the binding of SRs (right panel). Opening of the closed
chromatin regions by SRs and FoxA1 most likely involves ATP-dependent chromatin
remodeling complexes. Single-molecule imaging in live cells indicates that the enhancer
binding dynamics are comparable between SRs and FoxA1 (lower panel). B: Binding of
ES cell master regulators Sox2 and Oct4 occurs in symmetric manner (upper panel). The
regulation of chromatin accessibility at Sox2 and Oct4 binding sites are regulated by
INO80 remodeling complex. Single-molecule imaging in live cells indicates that the
enhancer binding dynamics are comparable between Sox2 and Oct4 (lower panel).

C: Glucocorticoid receptor (GR) is capable of binding to closed chromatin sites (upper
panel). At these sites GR recruits SWI/SNF chromatin remodeling complexes to modify
and open chromatin (middle panel). During the chromatin remodeling reaction, GR is
actively displaced from the chromatin by SWI/SNF complex (lower panel). D: Classical
pioneer factor, GATAS, has been shown to recruit SWI/SNF complex to the chromatin,
which increases chromatin accessibility. Inhibition of interaction between GATA3 and

SWI/SNF inhibits the opening of chromatin.

factor. This event is highly dynamic, and creates a transient
chromatin conformation [3, 11] with the proposed role of
ATP-dependent chromatin remodeling factors playing a major
part in these processes (Fig. 2A).

Chromatin remodeling complexes:
Classification and function

ATP-dependent chromatin remodeling complexes belong to
the SF2 helicase superfamily that share a structural core
ATPase subunit [25]. Within the SF2 superfamily is the Snf2
family, which contains four major evolutionarily conserved
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assembly and remodeling factor (ACF),
CECR2-containing  remodeling  factor
(CERF), WSTF-ISWI chromatin remodeling
complex (WICH), nucleolar remodeling
complex (NoRC), and remodeling and
spacing factor (RSF). These complexes are
assembled around the ATPase sucrose
nonfermenting 2 like (Snf2L) and sucrose
nonfermenting 2 homologue (Snf2H), and
have been shown to be involved in activa-
tion and repression of transcription and
assembly of chromatin [26, 27, 32-35]. The
CHD remodeling family is divided into three
subfamilies denoted by roman numer-
als [36, 37]. The first subfamily (I) contains
CHD1 and CHD?2 proteins, which are highly
conserved, but have been described to
possess distinct functions [38, 39]. The
second subfamily (II) includes CHD3 and
CHD4, which lack DNA-binding domains:
rather, these proteins contain paired N-
terminal PHD Zn-finger-like domains [38].
These two proteins form large protein
complexes termed nucleosome remodeling
deacetylase (NuRD), which contains his-
tone deacetylase and ATP-dependent chromatin remodeling
properties. The third subfamily (III) comprises the proteins
CHD5, CHD6, CHD7, CHD8, and CHD9. This subfamily is
defined by additional functional motifs in the C-terminal
regions [38]. The INO80 family is the most complex out of the
four remodeling families in terms of the subunit composition
across species [26, 40]. It has been shown that INO8SO
remodeling complexes have several roles in transcription
activation; as with ISWI, INO80 remodelers interact with
extra-nucleosomal DNA to mobilize nucleosomes. A compre-
hensive description on the mechanistic action of chromatin
remodelers in modifying nucleosomes has been reviewed
elsewhere [26, 41, 42].

l plex (CHRAC), ATP-utilizing chromatin
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The remodeling event results in the regulation of chromatin
accessibility and the exposure of DNA regulatory elements.
Moreover, at least BRG1, CHD4, and Snf2H have been shown to
be capable of both opening and closing chromatin [43]. In this
sense, these complexes can be considered to be involved in
both displacement and repositioning of nucleosomes. This
could in turn modulate TF binding in such a way that would
lead to the return of the chromatin landscape to a closed state.
Similarly to TFs, chromatin remodelers has been characterized
as highly dynamic, with only a small fraction of remodelers
engaged with chromatin at any point in time [44]. Curiously,
the potential role of ATP-dependent remodeling factors in
the mechanism of pioneer factor action has been largely
ignored [3].

Chromatin remodeling factors aid in the
recruitment of pioneer factors during cell
development

Chromatin remodeling factors have been shown to play an
important role in cell development and embryonic stem (ES)
cell self-renewal [26, 41]. A recent study indicated a number of
different chromatin remodeling complexes that regulate
nucleosome positioning in promoter regions of ES cells [45].
The remodeling of these promoters therefore, influenced the
regulation of ES transcriptional programs. Further, it was
shown that the binding events of BRG1 correlated with the
chromatin binding of the essential ES cell reprogramming
factor octamer-binding transcription factor 4 (Oct4) [45]. ES
cell reprogramming factors represent a set of TFs capable of
transforming adult cells into induced pluripotent stem (iPS)
cells [46]. Hence, it is tempting to speculate that other ES cell
reprogramming factors such as sex determining region Y-box
2 (Sox2), Kruppel-like factor 4 (K1f4), along with Oct4 [46]
could recruit chromatin remodeling factors to chromatin
(Fig. 2B), all previously described as pioneer factors. In
addition, and correlated to chromatin binding [45], BRG1 and
Oct4 co-localize in blastocysts, and knockdown of BRG1
affects ES cell self-renewal and pluripotency [47]. Further, it
has also been shown that the expression of BAF complexes
can increase the efficiency of ES cell reprogramming [48].
This occurs due to the BAF-facilitated binding of Oct4 to
promoters of genes involved in reprogramming. However, it
is not clear what directs BAF complexes to these promoters.
In addition, it has also been shown that forkhead box D3
(FOXD3), a TF that binds before Oct4, can recruit BRG1
to chromatin, demonstrating an involvement of FOXD3 in
the interactions between chromatin remodeling and ES
cell reprogramming factors [49]. This suggests that non-
reprogramming factors in ES cells can induce chromatin
remodeling.

The clearest evidence of reprogramming factors recruiting
chromatin-remodeling complexes to chromatin has been
shown for the INO8O remodeling complex [50]. The chromatin
binding of INO80, which binds mainly at DNasel hypersensi-
tive (DHS) regions, correlates with the binding of several
reprogramming factors, including Oct4, Sox2, Klf4, and
Nanog. Interestingly, the chromatin accessibility at Oct4,
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Sox2, and Nanog binding sites was significantly decreased
after INO8O depletion. This suggests that during ES cell self-
renewal and reprogramming Oct4, Sox2, and Nanog recruit
INO80 to increase chromatin accessibility. These findings
implicate a role for chromatin remodeling factors in early cell
development, and suggest that the role of remodeling factors
in pioneering action has been under appreciated.

Steroid receptor signaling requires
chromatin remodeling complexes

BRG1 has been well characterized to regulate the transcrip-
tional response of SRs such as the androgen receptor (AR), PR,
ER, and GR (Fig. 2C). Specifically, these receptors interact with
BRG1 to initiate its ATP-dependent remodeling function,
recruiting this activity to steroid response elements [51-55].
This suggests that the SWI/SNF complex is commonly
involved in creating a unique chromatin state during hormone
induction. The mouse mammary tumor virus (MMTV)
promoter has been used widely as a model to investigate
SR mediated chromatin-remodeling events [56-58]. These
studies have shown that SWI/SNF dependent chromatin
remodeling is required for hormone-regulated transcription at
the MMTV promoter [51, 52, 59, 60]. However, it is known that
promoters lacking an ordered chromatin structure are able to
evade the requirement for remodeling by SWI/SNF in the
context of a functional transcriptional response [54, 61].
Specifically, GR can interact with both BRG1 and BRM
complexes [52, 62]; however, the interaction between GR and
BRG1 is not direct; rather the interaction is reliant on bridges
connecting BAF proteins and BRG1 [63-65]. Further investi-
gation of the interaction between GR and BAF proteins has
shown that GR can bind to BAF250 through the C-terminal
domain [65], and the GR transcriptional function is decreased
in cells with a BAF250 C-terminal domain mutation [66]. In
addition, in vitro studies identified direct binding of GR and
ER to BAF60a and BAF57 as well as PR to BAF60a [63]. We
previously demonstrated in reconstituted chromatin assays,
utilizing UV laser crosslinking methodology, that GR rapidly
binds to the GRE next to the MMTV promoter, but is then
actively displaced during the BRGIl-induced remodeling
event [67]. In direct support of these findings, a recent study
using the single-molecule unzipping assay indicated that
SWI/SNF is capable of displacing a TF from chromatin during
nucleosome remodeling [68]. Interestingly, this is not a global
property of the chromatin remodeling complexes, because
ISW1a is not capable of displacing the TF. These studies
suggest that chromatin remodeling, at least through the
SWI/SNF complex, is a dynamic process [67, 68]. Furthermore,
utilizing a dominant negative form of either BRG1 or BRM, a
marked inhibition of GR mediated transcription was observed.
This was associated with a decrease in chromatin remodeling
and decondensation of the MMTV promoter, as determined
by restriction enzyme accessibility [62]. In support of these
findings, in cells that lack BRG1 and BRM, the GR
transcriptional response is weak and cannot be restored by
the activity of ISWI or NuRD complexes [69]. Together, these
findings suggest that the SWI/SNF complex plays a major
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functional role in the transcriptional responses of SRs creating
accessible chromatin states during hormone induction.
Interestingly, overexpression of the dominant negative form
of BRG1 showed reduction of only 41% of GR regulated
genes [62]. This suggests that the collaborative role of other
remodeling complexes is likely required for SR transcriptional
activation. It is important to note that the ability of SRs
to activate transcription is highly cell specific, and this
specificity may be due to the abilities of the SRs to recruit
individual remodeling complexes.

The collaborative interactions of
ATP-dependent remodeling complexes
are highly dynamic

In support of the rationale that multiple chromatin remodel-
ing factors are involved in a GR transcriptional response, we
have demonstrated, genome-wide, that BRG1, Snf2H, and
CHD4 share multiple binding regions [43]. However, failure to
detect a direct interaction between the co-localized remodel-
ing complexes suggests that the binding patterns of each
chromatin remodeling protein are likely transient and highly
dynamic. In agreement, biophysical studies have shown that
chromatin remodelers likely find their target sites by a
“continuous sampling” mechanism. Here, a combination of
high protein concentrations, short residence times in the
chromatin bound state, and fast 3D diffusive translocations
results in an efficient search and find strategy in the
nucleus [70]. These results suggest that, although chromatin
remodelers co-localize at the same sites, they do not function
simultaneously at any given time.

Investigations of chromatin accessibility by DHS-sequenc-
ing (DHS-Seq) revealed 88% of BRG1, 75% of Snf2H, and 85%
of CHD4 binding sites correlate to open chromatin. However,
there were also a large proportion of binding sites associated
with closed chromatin sites [43]. This supports previous
findings suggesting that SWI/SNF can function at a closed
chromatin structure [71]. Further, utilizing dominant negative
variants of each remodeler, a higher level of complexity was
revealed. Specifically, upon expression of the dominant
negative variants, states were observed where chromatin
was (i) unchanged; (ii) deemed inaccessible; or (iii) newly
open. Investigation of the affected regions of chromatin
accessibility revealed a large number to be occupied by
multiple remodelers, and changes in accessibility were either
linked to one remodeler, two remodelers functioning together
or in opposition, or all three remodelers functioning at that
single site [43]. Several reports have demonstrated that TFs
can be mobile during chromatin remodeling events [72-74]. In
addition, Li et al. [68] reported that the SWI/SNF complex can
actively displace a TF, via sliding of a nucleosome, providing
evidence of TF regulation in dynamic reposition of nucleo-
somes. Together, these findings have indicated that multiple
remodeling complexes can function collaboratively or indi-
vidually to open, or close chromatin sites and additionally,
they can function in a highly dynamic manner in evicting
factors from the chromatin landscape. This suggests a very
dynamic model of ATP-dependent chromatin remodeling,
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whereby multiple remodeling complexes and TFs cycle
through a complex series of events.

Interactions between pioneer factors and
ATP-dependent remodeling factors

The GATA family are considered pioneer factors because they
are able to induce chromatin accessibility [9, 75]. Very recent
findings show that GATA factors require other co-factors such
as ATP-dependent chromatin remodeling factors to create an
accessible landscape for secondary factors to bind (Fig. 2D).
Genome-wide studies have determined that GATA binding
protein 1 (GATA1) binds to distal regions and there is a global
reorganization of chromatin structure that occurs at these
potential enhancers during differentiation of hematopoietic
stem cells to erythrocytes [76]. In addition, it was shown that
BRGI1 co-localizes to these binding events and aids in creating
a longer hypersensitive region surrounding the GATA1 sites.
This nucleosome shifting facilitates the binding of the
secondary factor, TAL1, suggesting that GATAL1 is initiating
the binding of TAL1 through the recruitment of chromatin
remodeling factors [76]. In support of this finding, it has also
been established that BRG1 can co-localize with GATA binding
protein 2 (GATA2), revealing a role for BRG1 in the GATA2
dependent chromatin structural transitions [77]. Very re-
cently, it was shown that GATA binding protein 3 (GATA3)
functions as a pioneer factor in the mesenchymal to epithelial
transition event in breast cancer cells. It was determined that
GATA3 binds to inaccessible chromatin, whereby nucleosome
eviction and remodeling of the chromatin architecture occurs.
It was further shown that successful reprogramming required
stable binding to a nucleosome rich region and then
recruitment of co-factors such as BRG1 [78]. Together these
studies suggest a prominent role for ATP-dependent remodel-
ing factors in the pioneer factor model, wherein they help to
establish chromatin landscape for the factor that is being
recruited.

Because the structure of FoxAl is similar to that of linker
histones [79, 80], it is considered that it competes with linker
histones to create an accessible chromatin environment. It
therefore, has been suggested that FoxAl can remodel
chromatin without the assistance of co-factors [9]. However,
this suggests a highly efficient and rather stable binding event.
With recent evidence indicating that FoxA1, and other pioneer
factors such as Sox2, bind to chromatin in a highly dynamic
manner, we propose a role for ATP-dependent chromatin
remodeling factors in facilitating the binding events initiated
by FoxAl. Clearly, the potential role for remodeling systems
in pioneer factor action needs to be studied in much greater
depth.

How dynamic are pioneer factors in live
cells?

The pioneer factor FoxAl was described as being able to bind
to nucleosomes in a stable manner with slow DNA binding
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interactions, and this led to the formulation of the classical
model for pioneer factor mode of action [7, 81]. The
introduction of the fluorescence recovery after photobleach-
ing (FRAP) technique allowed further investigations of the
binding nature of FoxAl. These studies suggested a more
dynamic interaction with DNA than previously described;
however, the binding events were still observed to be more
stable than other TFs that had been investigated [82]. In
determining a residence time of a TF, it is important to note
that there are serious limitations when utilizing the FRAP
technique. The time at which the recovery reaches 50% of
its final value is termed the recovery half-time, and is
often incorrectly interpreted as a residence time [83]. When
obtaining a residence time utilizing FRAP, the data must be
fitted to the correct model. This model must depict a number
of complex events that take place, including binding,
diffusion and binding, diffusion and two-binding states,
and anomalous diffusion. Therefore, objective determination
of the correct model can be quite challenging. Although the
residence time of some TFs is comparable to that of the
recovery half-time, a number of cases have been described
where the two values are largely different [83]. Hence, careful
consideration needs to be implemented when assessing TF
binding rates via this method. Previous investigations of
FoxA1 binding dynamics have only been reported as recovery
half-time utilizing the FRAP technique [82].

Alternatively, a single-molecule approach is in principle a
more reliable tool to determine residence times, although this
approach is also not free from limitations [83, 84]. Utilizing
SMT technology, individual bound molecules can be directly
observed, enabling a more straightforward approach for the
determination of their dynamic binding properties [85]. The
recent use of this technique to study TFs binding [10, 12, 14,
85-89] has confirmed the highly transient nature of several
TF-chromatin interactions. Interestingly, in all cases, an
exponential distribution of bound dwell times is found.
Whether the bulk average for the wide range of residence
times reflects the dwell time on a single type of chromatin
target, or whether the range of residence times reflects binding
to different types of chromatin targets remains largely
unknown, and likely both options occur in vivo. We recently
reported the residence time of FoxAl through an SMT
approach in breast cancer cells. It was determined that FoxA1l
chromatin interactions are as transient as other TFs such as ER
and GR [11]. Moreover, another well described pioneer factor,
Sox2, has been described to present rapid exchange with
chromatin through SMT investigations [14, 90]. Together, these
recent findings do not support the previously described stable
binding events of pioneer factors, such as FoxAl. Therefore,
pioneer factors appear to behave in a similar manner to other
TFs in terms of their dynamic chromatin interactions.

Conclusions and outlook

Recent studies have begun to reshape our current under-
standing of TF and chromatin remodeler action, not as a
statical system, but as a highly dynamic interaction between
multiple SRs, other TFs, and chromatin remodeling com-
plexes. Specifically, the actual dynamic nature of pioneer
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factors such as FoxA1l has come into question: recent live cell
experiments indicate factors with highly transient chromatin
interactions. In addition, multiple studies now suggest, on the
genome-wide scale, that a number of other TFs, such as ER
and GR, can pioneer the binding of FoxA1, hence suggesting a
symmetric system with multiple TFs acting as initiating
factors, depending on chromatin context. The nature of the
chromatin context that ultimately defines whether a TF will
behave as an initiator or an assisted factor remains largely
unknown. Furthermore, the biological and functional rele-
vance of the newly assisted binding sites remains unexplored.
With the recent observation that ATP-dependent chromatin
remodeling factors are involved in the pioneering action of
GATA factors, major efforts are now needed to establish if this
phenomenon is a general requirement for all TFs that act in
initiating events. Chromatin structure is an integral compo-
nent to TF recruitment and action: here we propose that the
pioneering mechanism is not restricted to an exclusive set of
TFs, but rather can be accomplished by many TFs. We now
refer to factors that act in this role as initiating factors, and
propose a general mechanism termed “dynamic assisted
loading” (DynALoad). This model envisages a highly dynamic
system with very quick chromatin interactions, and crucially,
involves other co-factors such as ATP-dependent remodeling
complexes (Fig. 2). Identifying the potential role of remodelers
in initiating factor signaling pathways such as FoxAl is
needed in order to advance our understanding of these
complex and essential systems.
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