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Abstract

Pioneer factors such as FoxA target nucleosomal DNA and initiate cooperative interactions at
silent genes during development, cellular reprogramming, and steroid hormone induction.
Biophysical studies previously showed that the nuclear mobility of FoxALl is slower than many
other transcription factors, whereas a new single molecule study (SWinstead et al. 2016 gy
shows comparable chromatin residence times for FoxAl and steroid receptors. Despite that steroid
receptors engage nucleosome remodeling complexes, the vast majority of co-bound sites with
FoxA are dependent upon FoxA, not vice-versa. Taken together, the distinguishing feature of
pioneer factors remains nucleosomal access rather than an exceptional residence time in
chromatin.

Pioneer transcription factors (TFs) were discovered by dimethyl sulfate (DMS)-based in vivo
footprinting on embryonic endoderm tissue. Binding sites for FoxA and GATA factors were
occupied at a liver-specific enhancer prior to hepatic induction (Bossard and Zaret, 1998
Gualdietal., 1996). Flanking TF sites became occupied as the enhancer’s target gene turned
on and the cells were induced to become liver. Further studies showed that FoxAl, and to a
lesser extent GATA4, had the intrinsic ability to target DNA sites on isolated nucleosomes
(Cil‘i“O etal., 1998; Cirillo and Zaret, 1999) and on a specific nucleosome embedded in
linker histone-compacted chromatin in vitro (Cirillo etal., 2002y 'y contrast, the liver
transcription factors that footprinted the DNA later in development did not exhibit
independent nucleosome binding. Together, these studies engendered the concept that
certain transcription factors are pioneer factors, having the ability to target DNA in
nucleosomes, i.e. closed chromatin, and elicit chromatin opening sufficiently to allow other
factors to bind (Cirillo etal., 2002y (rigyre 1). “Pioneer” activity has been found for diverse
transcription factors that function in embryonic development, cellular reprogramming, and
hormonal induction (Jozwik and Carroll, 2012; Sherwood et al., 2014; Zaret and Mango,
2016). Dual gene inactivation in the adult mouse liver demonstrated that FoxA1l and FoxA2
also maintain exposed chromatin by displacing linker histone, thereby enabling other factors
to bind ('wafuchi-Doi et al., 2016y pjoneer factors solve the “chicken and egg” problem of

Corresponding author: Ken Zaret, 1-215-573-5813, ; Email: zaret@upenn.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zaret et al.

Page 2

how unprogrammed regions of nucleosomal DNA in chromatin become functional
regulatory sequences, either for activation or repression. But how do pioneer factors find
their targets and are there instances where they are subordinate to other transcription factors?

It has become clear that all transcription factors, including pioneer factors, do not occupy all
of their potential DNA motifs in the genome. Indeed, heterochromatin can block
transcription factors from binding, including pioneer factors at the onset of cell
reprogramming (SOUfi etal., 2012y (gigure 1). In a comparison of FoxA1 binding in three
breast cancer cell lines, among the 43,000-80,000 binding events in each line, about 20,000
overlapped, exemplifying cell specificity (Hurtado etal., 2011y early studies had shown that
FoxALl acts as a pioneer factor for the binding of estrogen receptor in MCF-7 breast cancer
cells (Carroll etal., 2005; Laganiere et al., 2005). Of ~14,000 estrogen receptor (ER)
binding events in hormone-depleted MCF-7 cells, over 7000 sites overlapped with FoxAl
binding events and 90% of the sites exhibited at least a two-fold loss of ER when FoxAl
was knocked down (Hurtado etal., 2011y anq while FoxA1 silencing also inhibited
hormone-dependent binding of ER, the study reported no sites where FoxA1l binding was
dependent upon ER.

By contrast, an independent study of unliganded ER found about 10 sites in the MCF-7
genome where FoxA1 binding was dependent upon ER (Caizzi etal., 2014y 1 3 new paper
by Swinstead et al. in Cell (SWinstead et al., 2016 the authors report that among ~19,000
FoxALl binding events in MCF-7 cells treated with estrogen (E2) or glucocorticoid receptor
(GR) ligand (dex), about 5% of the binding events were gained upon hormone treatment and
closely spaced to ER or GR binding events. Another recent study found a subset of sites
where TNFa signaling allowed FoxAl binding, which was in turn necessary for estrogen
receptor binding (Franco etal., 2015y ' conclusion, while FoxAl predominantly enables
other factors to engage chromatin in the above cell line studies, as well as in vivo ('—i etal,
2012), cooperative interactions can facilitate FoxA1 binding at a subset of sites.

Swinstead and colleagues investigated the interesting subset of non-pioneering FoxAl
binding events that are enabled by ER or GR. How do these sites differ from the ER or GR
independent sites? FoxAL ChIP signals are weaker at the hormone-induced FoxA1 binding
events and the target sites are poorly enriched for the canonical FoxA1 DNA motif,
compared to the hormone-independent FoxA1 binding sites. There is no information about
whether the weak, non-canonical FoxALl sites that are dependent upon receptors are relevant
to a specific hormone response network. Genome editing or other assays may determine the
biological function of these sites, in relation to canonical and pioneering FoxA1 binding
events. Swinstead et al. consider ER and GR enhancing the weak FoxALl binding events as
“assisted loading” (V0SS and Hager, 2014y aq it yields local DNase sensitivity, as for
canonical FoxAl binding events.

Assisted loading appears to involve ATP-dependent, nucleosome remodeling complexes
(Engel and Yamamoto, 2011; \Voss and Hager, 2014; \oss et al., 2011) that enable the steroid

receptors to enhance FoxAl binding at non-canonical targets. Diverse nucleosome
remodelers are prevalent at open sites in chromatin (d€ Dieuleveult etal., 2016y 4 the BAF
remodeler promotes cell differentiation in conjunction with developmental transcription
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factors (Ninkovic etal., 2013y vt as noted above, the vast majority of FoxA sites co-bound
with steroid receptor are dependent upon FoxA, not vice versa. Thus, despite their
association with remodeling complexes, steroid receptors are not the dominant chromatin-
engaging partner at most sites co-bound with FoxA. This raises the central issue about
pioneer factors: their ability to target novel sites in chromatin, e.g. in development or
reprogramming, that have not yet been subjected to cycles of activation and silencing within
a given cell lineage.

How does FoxA1 scan chromatin, and what is the role of other factors in eliciting stable
binding? A systematic comparison of 19 different transcription factors, including many
different types, by fluorescence recovery after photobleaching (FRAP) revealed that while
most of the factors were bound to chromatin at steady state, all transcription factors had a
bleaching recovery time on the order of seconds, reflecting mobility in the nucleus (Phair et
al., 2004y similar results were observed for the glucocorticoid receptor (Nagaich etal.,
2004y and for FoxA1 (Sekiya etal., 2009y vet within a cohort of liver transcription factors
tested side-by-side, FRAP studies showed that FoxA1l had the slowest nuclear mobility,
approaching that of linker histone (SeKiya etal., 2009 | aqdition, the chromatin mobility
of FoxAl is imparted by both specific and nonspecific DNA interactions (Sekiya etal.,
2009). Further studies showed that, like linker histone and unlike various other transcription
factors tested, FoxA1 is quantitatively retained on mitotic chromosomes (Caravaca etal.,
2013). Binding to the compacted mitotic chromatin was largely, but not completely, due to
nonspecific binding, with a faster overall rate of FRAP than in interphase cells. Thus it was
established that FoxA1 is mobile in chromatin, with its ability to bind nucleosomal DNA via
nonspecific binding associated with its potential to scan closed chromatin, even in mitosis
(Figure 1). But at the single molecule level, how does FoxA1l behave?

Swinstead and colleagues used the Single Molecule Tracking (SMT) approach, based on
Highly Inclined Laminated Optical sheet (HILO) microscopy (SWinstead et al., 2016y o
assay the movement FoxA1 molecules in two dimensions in the living nucleus. The HILO
approach is more precise and direct than FRAP and allowed the calculation of a “slow”
component residence time of 10.8 seconds for FoxA1 in hormone-untreated cells. In
presence of their ligands, ER and GR exhibited residence times of 11.7 and 7.37 seconds,
respectively. Thus the mobility of FoxAl, in this system, was on average comparable to that
of ER and GR, despite that FoxA1 enables a vastly greater number of ER and GR binding
events than vice-versa. At present, it is unclear whether these events, or those in other SMT
studies, represent specific or nonspecific chromatin binding. Tests of variant proteins that are
deficient in specific DNA binding, while preserving nonspecific DNA binding, will be
informative in this regard (Chen et al., 2014. Sekiya et al., 2009y |, conclusion, the
residence time of the pioneer factor FoxA1 in chromatin is unrelated to its ability to act as a
pioneer for steroid receptors.

Given the observation that a deep DNasel footprint correlates with a relatively long DNA
residence time for the CTCF factor (SUnd etal., 2014y syinstead et al. conducted a high
concentration-DNasel analysis for FoxA, ER, and GR. They failed to detect footprints for
any of the factors, with the SMT results implying that the binding of the factors is too
dynamic for footprinting. Yet with the high concentration of DNase used, the group reported
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weak DNase footprints for C/EBPB (SUng et al., 2014y. \yhjle when using lower
concentrations of DNase (Siersbaek etal., 2011y the same group observed robust footprints
for C/EBPp (Siersbaek et al., 2014y Tyys the ability to see a clear footprint in vivo is related
to the extent of overall chromatin digestion at the endpoint of the assay, with some footprints
evident earlier in the DNase digests and some evident later. A direct comparison of the local
chromatin around FoxA and CTCF bound sites shows marked differences in nucleosomal
organization (Iwafuchi-Doi et al., 2016y nogsiply affecting DNase access. It will be
interesting to assess footprints for FoxXA and other transcription factors tested at high
concentrations of DNase (SUng et al., 2014. Swinstead et al., 2016y for their robustness at
lower concentrations of enzyme or earlier in the digest.

An important question to be addressed relates to the potential correlation between residence
time and footprinting. For example, CTCF moves faster in chromatin than FoxAl, based on
FRAP analysis (compare Nakahashi et al, 2013 and Sekiya etal, 2009y spT should be
performed for CTCF along with FoxA, to directly assess the correlation between residence
time and depth of footprinting.

Taking together the results with SMT, it appears that the off rate of FoxAl for chromatin is
faster than that discerned at high DNase concentrations, but slower than the rate at which
DMS maodifies DNA in vivo, in the original DMS footprinting studies on embryos.
Swinstead et al. point out that the mobility of FoxALl in chromatin, and that FoxAl’s weak
binding sites require assist from steroid receptors, means that FoxA is no more or less of a
pioneer factor than the receptors at such weak sites. Yet the observations remain that FoxAl
and other pioneer factors are far more efficient than other transcription factors at targeting
silent, nucleosomal DNA and enabling other factors to bind chromatin (Soufi etal., 2015y o
synthesis of the two points of view, from the advances of Swinstead et al., would be that
targeting chromatin is a constant battle, with cycles of binding, release, and binding again.
And some factors win that battle at closed chromatin much better than others.
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Figure. Chromatin scanning by pioneer factors
Chromatin across the bottom of the figure is depicted as consisting of open domains, naive/

unprogrammed domains, and repressed or heterochromatic domains. Pioneer factors (green
blobs) are able to target the naive domains, whereas non-pioneer factors (grey blobs) are
typically dependent upon pioneers for binding there (black arrow). The green arrows depict
transient, on-and-off association with chromatin as the factors scan the different domains;
the red bars indicate the factors being impeded from scanning certain domains.
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