iIScience

Pioneer factors in development and cancer

Benjamin D. Sunkel’ and Benjamin Z. Stanton'-?:3*

SUMMARY

Transcription factors (TFs) are essential mediators of epigenetic regulation and
modifiers of penetrance. Studies from the past decades have revealed a sub-class
of TF that is capable of remodeling closed chromatin states through targeting
nucleosomal motifs. This pioneer factor (PF) class of chromatin remodeler is
ATP independent in its roles in epigenetic initiation, with nucleosome-motif
recognition and association with repressive chromatin regions. Increasing evi-
dence suggests that the fundamental properties of PFs can be coopted in human
cancers. We explore the role of PFs in the larger context of tissue-specific epige-
neticregulation. Moreover, we highlight an emerging class of chimeric PF derived
from translocation partners in human disease and PFs associated with rare tu-
mors. In the age of site-directed genome editing and targeted protein degrada-
tion, increasing our understanding of PFs will provide access to next-generation
therapy for human disease driven from altered transcriptional circuitry.

INTRODUCTION

With approximately 3 billion DNA bp in the human genome and 38 million bp of coding sequence, we
evolved precise keys to “unlock” regulatory motifs amidst long DNA sequences. The canonical transcrip-
tion factors (TFs) evolved to recognize specific DNA motifs, providing precision, logic, and complexity in
gene regulation. However, there is a general lack of sequence-specific nucleosome positioning in mamma-
lian genomes. While TFs with relatively complex motifs can have million-fold specificity (an 11-bp OCT4-
SOX2 motif has 4'" specificity), even specific motifs occluded by nucleosomes may go unrecognized.
"How do TFs establish or respond to cell fate changes, when a motif has variable accessibility in a cell of
origin?” Pioneer factors (PFs) are capable of binding nucleosomal motifs and inducing DNA accessibility
(Zaret and Carroll, 2011). The function of PFs has revealed fundamental properties for promoter selection
(Hartley and Madhani, 2009) and core transcriptional circuitry (Michael et al., 2020), while little is known
about chimeric- or oncogenic-fusion TFs in this context. This review aims to define central questions and
fundamental advances in understanding the basic epigenetic functions of tissue-specific PFs and relate
these findings to disease etiology.

PFs have the central features of (1) binding to closed chromatin states, (2) altering DNA accessibility at its
targets, (3) the capability of reprograming cell fate decisions (lwafuchi-Doi and Zaret, 2016), and increasing
biophysical evidence has enabled new insights into the (4) direct molecular recognition of nucleosomal mo-
tifs (Donovan et al., 2019; Fernandez Garcia et al., 2019) (Figure 1). These central attributes are an aperture
through which to view developmental changes and pathological cell fate decisions in human disease. We
first focus on the mechanisms of binding to closed or repressive chromatin, highlighting transient site expo-
sure, nucleosome motif recognition, histone mimicry, and genomics approaches for determining pioneer
activity. Secondly, we focus on pioneer function and cell state, highlighting key PFs in each section, with
examination of pluripotency, sarcomas, brain tumors, myogenesis, myogenic tumors, immune cell
development, and leukemias. Key PFs we highlight are in the FOXO, FOXA, PAX, SOX, GATA, and
CEBP families, among others. The attributes of PFs have implications for understanding altered transcrip-
tion in human cancers (Bradner et al., 2017) and for defining the emergent transcriptional “circuitry” in
response to a transforming event. The central four characteristics of PFs also provide exciting new context
in the early changes in cancer genomes involving chromosomal translocations, resulting in PF chimeras.
The unknown functions of translocation-induced PF chimerism motivate the evaluation of neomorphic
pioneer characteristics in human tumors, linking DNA accessibility to human disease etiology. We examine
the central attributes of PF function in a range of developmental and pathological processes and acknowl-
edge PF chimeras with unknown function. There are several major implications for this analysis of the
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Figure 1. Pioneer function and epigenetic state changes
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Evidence suggests that pioneer function is an early step in the establishment of an epigenetic state, with nucleosomal-motif recognition and binding in

repressive chromatin regions. For distinct classes of pioneer factors, the recruitment of epigenetic machinery for chromatin activation might have distinct

mechanisms.

literature: PFs play essential roles in tissue-specific chromatin organization, and the molecular functions of
PFs may stabilize maintenance of the epigenetic state across cell division (Figure 1).

MECHANISMS OF BINDING TO CLOSED CHROMATIN
Transient site exposure

The nucleosome complex, comprising DNA and histone proteins, presents a steric challenge to canonical
TFs in accessing their DNA sequence motifs: they are often buried against the surface of the histone oc-
tamer. A possible energetically neutral solution to this lies in the natural dynamics of the nucleosome itself.
There is evidence that the DNA-nucleosome complex can fluctuate in equilibrium states between fully
wrapped and transiently accessible states, which suggests a site exposure model (Anderson and Widom,
2000; Polach and Widom, 1995). Widom & colleagues observed that transient motif accessibility occurs at
equilibrium, with 1-10% unwrapping at any given time (Figure 2). The relative abundance of accessible
states varies such that motifs nearest to entry-exit sites may have increased exposure relative to motifs
that are buried further into the nucleosome core (Battistini et al., 2012). Thus, context is important for
considering the steric constraints of the nucleosome. These studies provide interesting insights into rela-
tive rates of natural DNA unwrapping from nucleosome particles, with rates nearly 20-times faster with
enzymatic unwrapping (remodeling) than with equilibrium “site exposure”. For non-pioneer TFs that rely
on accessible motifs, these observations lead to a model where opportunistic motif binding can occur
with molecular recognition of transiently exposed nucleosomal sites. Nucleosome invasion can shift the
equilibrium toward motif accessibility, increasing the stable binding equilibria of TFs (Li and Widom,
2004). A common energetic driver for this is that enthalpic costs of unwrapping are offset by increased local
entropy and rotational freedom resulting from site exposure.

The site exposure model also provides context for invasion from neighboring nucleosomes, where transient
unwrapping has been shown to accommodate local nucleosome overlap (Engeholm et al., 2009). For equi-
librium unwrapping, the relative free energy differences in accessibility can be calculated as follows:

AG = — RTIn Keq (Equation 1)

where the free energy (AG) is a function of the equilibrium rate constant ( Keq) of DNA accessibility (Ander-
son etal., 2002). Clever experimental approaches to derive free energies of in vitro nucleosome positioning
(Lowary and Widom, 1998) have measured relative restriction enzyme activities as a surrogate to
approximate the unwrapping equilibrium constants. In reconstitution experiments and quantitative mea-
surements of the site exposure Kgq from nucleosome arrays of distinct lengths, the free energy differences
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Figure 2. Integration of the site exposure model with pioneer function at nucleosomal motifs

(A) Conceptual model for the kinetics of pioneer factors, which can associate with nucleosomes in wrapped or unwrapped
states.

(B) Fitting our derived equation for fractional motif occupancy (Equation 3) with kinetic rate constants from Zaret and
Poirier for pioneer factors and transcription factors in the context of fractional occupancy of TF-motif pairs.

relative to site exposure (AAG) are not significantly impacted by lengthening of the nucleosome arrays.
These results suggest that nucleosome translocation is a significantly slower process than equilibrium
unwrapping. The activation barrier for nucleosome translocation is kinetically rate limiting, and the equilib-
rium process for unwrapping occurs rapidly on the order of seconds. The effects of ATP-dependent remod-
eling, nucleosome invasion by TFs, or acetylation of the histone tail increase the site exposure K.q, while
distance of a motif inward toward the nucleosome core decreases the Ko (Anderson et al., 2001; Anderson
and Widom, 2000). Studies with fluorescence resonance energy transfer (FRET) systems have also sup-
ported the model that local site exposure can lead to the establishment of accessible states locally, via
TF binding (Poirier et al., 2009). While these observations suggest a possible mechanism of stabilizing
TF motif accessibility, the question remains, “if the equilibrium state of the nucleosome-DNA complex is
wrapped 90% of the time (Anderson and Widom, 2000; Polach and Widom, 1995), how can new chromatin
states be rapidly established?”

Binding to nucleosomal motifs

The evolution of factors that have reduced off-rates with nucleosomal motifs perhaps is Nature's way of
targeting the DNA-nucleosome complex independently of transient site exposure. Widom & colleagues
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predicted that factors binding to nucleosomal motifs may be negatively affected in their target search pro-
cesses in proportion to the Keq of site exposure (Anderson et al., 2002; Polach and Widom, 1999), while
there is evidence that PFs can also bind to transiently unwrapped states (Donovan et al., 2019) (Figure 2).
Integrations of the site exposure model and pioneer function provide interesting questions about the equi-
librium state of the chromatin fiber (Dudchenko et al., 2017; Sanborn et al., 2015). If the target- search and
motif recognition properties of PFs are at equilibrium, then a slow k¢ could lead to transiently remodeled
nucleosome structures that may relax into accessible states (Figure 2). However, with rapid signal flux or
during the initiation of developmental or pathological cell reprograming changes, kinetic control may
impose energetic constraints on the early targeting properties of pioneers.

Studies supporting the roles of chromatin remodeling in positioning of nucleosomes at promoters (Yen
et al., 2012; Zhang et al., 2011) and the nucleosome-free region (NFR) (Hartley and Madhani, 2009) have
motivated questions for how TFs and PFs might recognize motifs in either of these contexts. With nucleo-
some depletion at the NFR, it is predicted that TFs may have greater access to their motifs, while strongly
positioned nucleosomes at promoters might be targeted with stronger binding by PFs. The target search
function of non-pioneer TFs is likely facilitated by opportunistic binding to transiently unwrapped nucleo-
some-DNA complexes. In recent years, experiments at the single molecule and ensemble level have
enabled the dissection of kinetic rate constants for this process. Under equilibrium conditions, TF binding
to motifs may be facilitated by nucleosome-DNA unwrapping, with TF-motif dissociation constant:

ket [TF][Motif]
kon _ [TF — Motif]

The ks represents the off-rate from the TF-motif interface, while ko, represents the on-rate. With single
molecule studies, LexA (a non-pioneer) had 1000-fold faster k.g from nucleosomal motifs relative to
non-chromatinized DNA (Luo et al., 2014) (cf., Figure 2). Gal4 had a 100-fold increased kg from nucleo-
somal motifs relative to non-chromatinized DNA and 1000-fold weaker Kp for nucleosomal motifs relative
to naked DNA (Liang et al., 1996; Luo et al., 2014). One possible explanation for these results is that nucle-
osome re-wrapping can dramatically accelerate the ko¢ for TFs (North et al., 2012) (Figure 2). For motifs
proximal to the entry-exit sites of the nucleosome, a faster equilibrium can be established which may allow
for rapid gene regulation. With several orders of magnitude slower dissociation constants for TFs with un-
wrapped motifs, the on-rates may influence the overall rates of gene activation.

Ko = (Equation 2)

At equilibrium, the fractional motif occupancy (Focc) is dependent solely upon the Kp and the concentra-
tion of TF, from the following derivation. The Foc. as a function of the concentration of TF and Kp is derived
from (Equation 2) and the equivalence of [TF-Motif] with [TF][Motif]/Kp. Moreover, the total abundance
of motif [Motif],,,, is equivalent to the total sum of bound and unbound motif, which is the sum of
[Motif] and [TF — Motif]. This equivalence allows for the Fo.. to be related directly to the ratio of
[TF][Motif]/Kp and ([Motif] +[TF — Motif]). This ratio simplifies to the expression in (Equation 3), as the
ratio of [TF] and (Kp +[TF]).

[TF — Motif] _ [TF]
[Motif]__, Ko+ |TF]

The binding dissociation constant for the TF and its motif is highly sensitive to kg for which nucleosome
positioning is critical. A visual representation of this equivalence (Equation 3) is that for the pioneer FOXAT,
where fractional occupancy at its motifs approaches saturation at much lower concentrations relative to
non-pioneer LexA, which requires much higher concentrations to occupy its motifs when sterically
occluded by nucleosomes (Figure 2). This visual representation is achieved merely by plotting Focc as a
function of [X] /Kp + [X] with Kp values from nucleosomal versus non-nucleosomal motifs obtained from ki-
netic studies (lwafuchi-Doi et al., 2016; Luo et al., 2014) (Figure 2). These concepts are useful in describing
TF-motif interactions at the “local” level, and extension of these principles to the genomic level leads to
interesting hypotheses. Networks of TFs can regulate their own enhancer elements to integrate local frac-
tional occupancy into what we think of as "core regulatory circuitry” (Boyer et al., 2005). Interestingly, the
extension of local fractional occupancy into core circuitry then becomes dependent on TFs and PFs, nucle-
osome positioning, and chromatin remodeling. The locus-specific definition for Foec becomes a single
component of this circuitry, which is stabilized through TFs and PFs recognizing their motifs (e.g., enhancer
accessibility) and inducing their own expression. An interesting extension of this concept is that core cir-
cuitry would be highly dependent only on the binding kinetics for TFs with their motifs and the expression

Foce =

(Equation 3)

total
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level of TFs, without being a function of the intracellular abundance of motifs. We will discuss the implica-
tions of this concept for development and human disease for which cells are “locked” in an epigenetic state
conferred by altered core circuitry.

An important caveat here is that the in vivo influences from the native milieu may invoke differences from
predictions of in vitro TF binding models. These important differences can be evidenced from single-cell
studies of transcriptional burst frequencies, which are highly sensitive to the local chromatin remodeling
context (Kar et al., 2017). Evidence that local chromatin state influences transcriptional bursting is rein-
forced by the observation that dwell times of TFs in vitro would predict much longer transcriptional bursts
than are observed in vivo. Thus, while the proximity of the motif with the nucleosome core may provide
rapidly tunable and context-specific scenarios for gene regulation, further work will be important for under-
standing how TF residency times instruct transcriptional frequencies. These studies also provide insight
into stably expressed TF networks that may require motif accessibility for maintenance.

The differences in behavior between TFs and PFs also have implications for the dynamics of transcriptional
control. For classical TFs like Gal4, LexA, and c-Myc, the off-rates seem to be most sensitive to the nucle-
osomal context (Donovan et al., 2019; Luo et al., 2014; Soufi et al., 2015), essentially “tuning” the system for
rapid gene control versus constitutive expression: (1) thermodynamically controlled with positioned nucle-
osomes, rapid ks, equilibrium can be achieved within the timescale of cell division, or (2) kinetically
controlled with nucleosome depletion at motifs, equilibrium is achieved on the timescale approaching
mitosis, with slow kos. For PFs, the nucleosomal motif context may actually reduce k¢ providing an alter-
native manifold for binding equilibria by reducing Kp and stabilizing fractional occupancy.

Rap1, Reb1, Cbf1, and FOXA1: binding kinetics and histone mimicry

While classical TFs have relatively high dissociation rate constants from nucleosomal motifs, PFs are a class
of TF with intrinsically slow off-rates from chromatinized motifs. Both Reb1 and Cbf1 preferentially remain
associated with partially unwrapped DNA-nucleosome complexes in single-molecule experiments (Dono-
van et al., 2019). The approximately 100-fold decreases in kg for these factors recognizing nucleosomal
DNA substrates are thought to represent kinetic trapping of nucleosomal motifs. Another TF with non-clas-
sical binding kinetics is the winged-helix TF, FOXA1, which has been shown to compete with, or mimic, his-
tone H1 and exhibits slowed dissociation from nucleosomes (Cirillo et al., 1998, 2002; Shim et al., 1998).
Nuclear mobility with fluorescence recovery after photobleaching (FRAP recovery) is several orders of
magnitude slower for FOXAT1 relative to c-Myc, NF-1, HMGB1, and GATA4 (Sekiya et al., 2009). The trends
in mobility are inversely related with nucleosome-binding ability by EMSA, suggesting functional binding
in vivo. On naked DNA, FOXA1 displays only a 2-fold enhanced binding affinity relative to MYC, while it has
a ~10-fold enhanced binding affinity relative to MYC on nucleosomes containing its motifs (Sekiya et al.,
2009). In genomic localization studies, FOXA1 localizes to inactive chromatin and occupies its binding mo-
tifs independently of other TFs, which is consistent with pioneer function (Fu et al., 2019; Glont et al., 2019).

The yeast PF Rap1 has Myb-like domains that facilitate similar on rates for nucleosomal and non-nucleosomal
motifs (Mivelaz et al., 2020). With single-molecule total internal reflection fluorescence (TIRF) imaging, binding
interactions to compacted nucleosomal arrays encoding Rap1 motifs occur with a majority of binding events
resulting in short residency times (< 1s) and additional interactions associated with longer residency. These
studies support a model where Rap1 encounters higher-order chromatin structure but continually and rapidly
"samples” motifs with short-lived binding interactions until stable motif recognition is achieved. Interestingly,
kon rates were similar regardless of Rap1 motifs encoded in naked DNA, nucleosomal DNA, or compacted
chromatin fibers. However, kg is markedly different (approximately 10-fold) when comparing Rap1 dissocia-
tion with nucleosomal vs free DNA motifs. Thus, rapid DNA-motif searching occurs at nucleosomal binding
sites, with differences in ko dominating the kinetics until stable motif interactions can occur. In vitro, Rap1
can associate with chromatinized motifs to destabilize higher-order nucleosome structure without resulting
in nucleosomal eviction. However, evidence suggests that stable Rap1 binding with nucleosomal motifs lowers
the energy barrier for ATP-dependent nucleosome displacement. The pioneer function and domain structure
of Rap1 provides an interesting contrast to the yeast pioneer Reb1, which also binds to chromatinized motifs,
but inherently destabilizes its target nucleosomes in the process (Donovan et al., 2019).

The knockin of Reb1 motifs into nucleosomal substrates results in de novo formation of nucleosome-
depleted regions (NDRs), which can be reversed with rapid degradation of Reb1 at the protein level
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(Hartley and Madhani, 2009). In an interesting comparison to Rap1, the yeast PF Reb1 has a 22-fold equi-
librium binding preference for nucleosomes containing its specific binding site, with the kg serving as the
determining factor to differentiate naked DNA from chromatinized motifs. For Reb1, the molecular recog-
nition of its target on nucleosomes results in markedly slower off rates in comparison to non-nucleosomal
motifs (cf., Figure 2). In genome-wide studies, Rap1 is enriched at the promoter-distal side of the —1 nucle-
osome, while Reb1 has been observed to associate with the promoter-proximal side of the —1 nucleosome
at the NFR boarder (Koerber et al., 2009; Lee et al., 2007; Zhang et al., 2011).

Comparisons of Rap1 and Reb1 binding with MNase-ChlIP have implicated the site exposure model in Reb1
function (Koerber et al., 2009). The observed nucleosomal-Reb1 DNA fragments released from MNase
digestion were shorter than the expected length for an intact nucleosome, which is consistent with “inva-
sion” through transient unwrapping. This provides interesting context for the site exposure model, which
proposes that equilibrium binding of factors to nucleosomal DNA may not require additional energy (ATP),
but rather the intrinsic, dynamic unwrapping and re-wrapping of nucleosomes may provide altered
apparent Kp values similar to naked DNA (Polach and Widom, 1996). Indeed, recent investigations of
Rap1, Reb1, and Cbf1 provide examples where motif searching can occur rapidly, but dissociation rates
are defining for pioneer function. Given the similar pattern for k., rates with nucleosomal motifs among
these factors, it is possible that transient site exposure may influence the k.4 more than the on-rate. It
will be of high interest to understand how target search and remodeling processes of pioneer function
might be coupled to the thermodynamics of DNA unwrapping. Integrating these data with the model
for fractional occupancy leads to questions about motif representation across the genome (cf., Equation 3):
if the motif abundance matters less than the strength of binding of a TF-motif pair in a nucleosomal context,
does it follow that the essentiality of TFs in a tissue type would be independent of their genomic motif
representation?

Given the unique binding kinetics of PFs, which may have relatively slow dissociation rates from chromati-
nized motifs relative to TFs (Figure 2), it will be interesting to determine the extent to which these factors
utilize conserved domains also with conserved functions. Recent structural comparisons suggest PFs often
exhibit relatively short alpha-helical DNA recognition domains that sterically permit recognition of
nucleosomal motifs (Fernandez Garcia et al., 2019). Yet, common predictive “rules” for how these structural
domains influence PF dissociation rates will require further study.

While often considered the commonest transcriptional repressor, nucleosomes also have unique roles in
regulated recruitment. Recent genome-wide proteomics screens have revealed that a highly conserved
mode of interaction between chromatin regulatory factors and nucleosomes is the acidic patch region
on the H2A-H2B interface (Kalashnikova et al., 2013; Skrajna et al., 2020). Recent studies to evaluate the
roles of histone tails and nucleosome disk surface residues revealed that the nucleosome acidic patch is
a major hub for regulated recruitment. The exciting progress in understanding nucleosome function in
regulated recruitment leads to the questions, (1) do PFs target specific regions on the nucleosome in addi-
tion to their motifs, and (2) what are the individual influences of nucleosomal recognition and DNA binding
on the Kp?

Early nucleosome protection assays have provided important clues for understanding how nucleosomes
interact with PFs. Gal4 fails to alter MNase preferences in the presence of competitor DNA, while
FOXAT1 protects nucleosome fragments from nuclease digestion even with naked DNA encoding its motifs
(Cirillo and Zaret, 1999). These findings have provided general analogy for similar nucleosomal binding
preferences among winged-helix domain containing PFs (e.g., FOXA1, FOXO1) and for histone H1. In
each case, the protein can engage through interactions with DNA at the nucleosome dyad and linker re-
gions. These binding modes are distinct in comparison with the multi-zinc finger domain of Gal4, which
is highly sensitive to the steric constraints of the nucleosome. Despite slower kop, the slower off-rates of
FOXA1 with nucleosomal motifs result in stable positioning (Figure 2). These findings connect to more
recent work on the single-cell level, showing nucleosome spacing is more stable at silent regions poised
for gene activation, while 5'-positioning of nucleosomes is more stable at active regions (Lai et al.,
2018). Future investigations will be important for determining the extent to which stable nucleosome
spacing results from PF-nucleosome interactions, for which slow off-rates allow genomic association
even in heterochromatic states. The slower dissociation kinetics for PFs from nucleosomes is also reflected
in tandem chromatin immunoprecipitation (ChIP-reChlIP) assays for TF histones which are effective for
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FOXA2, CEBPB, and HNF4e (lwafuchi-Doi et al., 2016). These results are consistent with PFs having slow
dissociation rates from nucleosomal motifs.

Genomics approaches for determining pioneer activity

The synthetic biology approaches to “generate chromatin in a test tube” are powerful because they allow
for complete control over the chromatin environment. The ability to uncouple the continuous biochemistry
happening inside of the cell from functions of specific chromatin regulators can allow us to discern cause
from consequence. However, in vitro reconstitution of nucleosome structures may yield different answers
from cell biology approaches. The behavior of PFsincluding Rap1 and Reb1 at nucleosome-associated mo-
tifs in vitro deviates significantly from what is observed inside of the cell (Kaplan et al., 2009). This apparent
discrepancy may be related to the off-rates of PFs with nucleosomes in the presence of active ATP-depen-
dent chromatin remodeling (Figure 1) (Zhang et al., 2011). However, there have been impactful studies
combining synthetic and cell biology approaches. The insertion of PF binding sites into stably positioned
nucleosomes results in nucleosome displacing activity in vivo (Yan et al., 2018), whereas the eviction of
nucleosomes is rare for the analogous in vitro experiments (Donovan et al., 2019). Despite differences in
positioning in vivo, pioneer motifs have been found within nucleosomal binding sites in studies with distinct
approaches to chromatin sequencing (Brogaard et al., 2012; Michael et al., 2020). Work with MNase-
sequencing revealed that gene activation is highly predictive of strongly positioned nucleosomes near
the promoter (Kaplan et al., 2010; Schones et al., 2008). The nucleosomal binding preferences for PFs
can be challenging to measure by chromatin sequencing at steady state, and rapidly inducible control
over PFs is important for their experimental characterization (Sunkel et al., 2021). Of note, the induced
DNA unwrapping upon binding to Reb1 motifs near the entry/exit sites is supported by the predominance
of sub-nucleosomal MNase fragments at its binding sites (Henikoff et al., 2011). These sites may result from
partial nucleosome unwrapping or destabilization following PF binding inside of the cell. Observed PF
occupancy at a given genomic locus in a cell may be the product of repetitive nucleosome recognition-
eviction cycles and cooperative TF occupancy.

While the ability of PFs to recognize nucleosomes containing their motifs is a central attribute, a key question
is, is this process limited by the local context in highly repressed regions of the genome? One powerful
method to address this question relies on sequencing and proteomics analysis of regions of the genome
that are refractory to endonuclease cleavage (sonication-resistant heterochromatin; srHC) (Becker et al.,
2017, Fernandez Garcia et al., 2019; Sunkel et al., 2021). The conceptual basis for this is that the effects exerted
by the mechanical force of sonication would be influenced by local chromatin repression. Sucrose gradients
can been used to fractionate chromatin based on biophysical properties, prior to chromatin sequencing
(Gilbert et al., 2004). By coupling sucrose gradient sedimentation of sonicated chromatin with genomics
(Gradient-seq), it is possible to analyze PF binding sequences that are generally excluded from accessible re-
gions. This addresses a common experimental bias in epigenetics, which leads to over-representation of
accessible DNA in ChlP-seq, CUT&Tag, and MNase-seq experimental workflows (see Table 1). However,
recent studies have enabled meta-analyses of ATAC-seq data with ChIP-seq data, computationally inferring
nucleosome positioning from NucleoATAC (Beati and Chereji, 2020; Schep et al., 2015; Sunkel et al., 2021).
Integrations of PF localization and nucleosome positioning will continue to illuminate the genomics of PFs.

The conceptual basis for Gradient-seq also relates to reports from the early 2000s where phenol-chloro-
form DNA purification was performed prior to reverse cross-linking but after chromatin shearing: the
intrinsic physical properties of the DNA-nucleosome complexes in their domain contexts were shown to
affect a partition coefficient across hydrophobic (chloroform-phenol: repressive chromatin) and hydrophilic
(aqueous: accessible chromatin) phases. As this separation technique developed into FAIRE-seq, it allowed
for the sequencing of repressive chromatin (Nagy et al., 2003). Conceptually, this has been further
developed for defining the phasing properties of chromatin. The partitioning of chromatin regions into
liquid-liquid “phase condensates” has revealed that H3K9me3-enriched domains may have the properties
associated with hydrophobic phases, while H3K27ac regions have the properties associated with
hydrophilic phases (Larson et al., 2017; Strom et al., 2017). Definition of mechanisms for formation of phase
condensates will be important for understanding how DNA accessibility might regulate the local cellular
environment.

The mechanistic insights from phase separation studies, FAIRE-seq, and srHC provided the framework for
understanding sonication-resistant heterochromatin at both the genomics and proteomics levels
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Table 1. Experimental approaches to define pioneer function

Pioneer® Domain Method References

OCT4 (POU5F1) POU, homeodomain ChlP-seq, Cut-and-tag (Meers et al., 2019; Michael et al., 2020; Echigoya et al., 2020;
SeEN-seq, Cryo-EM, EMSA Soufi et al., 2015)

SOX2 HMG ChlP-seq, Cut-and-tag (Meers et al., 2019; Michael et al., 2020; Soufi et al., 2015)
SeEN-seq, EMSA

MYOD1 (MYF3) bHLH ChlP-seq, endonuclease (Gerber et al., 1997; Bergstrom et al., 2002)
assays

GATA3 HMG ChlIP-seq, ATAC-seq, (Tanaka et al., 2020)
EMSA, Cryo-EM

GATA4 HMG Cut-and-tag, EMSA, (Meers et al., 2019; Cirillo et al., 2002; Fernandez Garcia et al., 2019)
nucleosome arrays

PU.1 (SPI1) ETS, winged-helix EMSA (Feng et al., 2008; Fernandez Garcia et al., 2019)

EOMES HMG Cut-and-tag (Meers et al., 2019)

PAX6 (FVHT) Paired box, ChlP-seq, ectopic expression (Sun et al., 2015; Halder et al., 1995)

homeodomain
PAX7 (HUP1) Paired box, ATAC-seq, FAIRE-seq, ChIP-seq (Budry et al., 2012; Mayran et al., 2018)
homeodomain

ASCL1 bHLH EMSA, ChlP-seq, DNase-seq (Fernandez Garcia et al., 2019; Raposo et al., 2015)

FOXA1 (HNF3A) Winged-helix EMSA, nucleosome arrays (Cirillo et al., 2002)

FOXA2 (HNF3B) Winged-helix Cut-and-tag (Meers et al., 2019)

FOXD3 (HFH2) Winged-helix ChlIP-seq (Xu et al., 2009; Krishnakumar et al., 2016)

FOXO1 (FKHR) Winged-helix DNase1-footprinting, (Hatta and Cirillo, 2007)
Nucleosome arrays

CEBPa. bZIP ChIP-reChIP, EMSA (Iwafuchi-Doi et al., 2016; Fernandez Garcia et al., 2019)

CEBPB

Rap1 Myb-type smTIRF (Mivelaz et al., 2020)

Reb1 Basic patch, HTH PIFE, FRET, EMSA, (Hartley and Madhani, 2009; Donovan et al., 2019)
degron alleles

Cbf1 bHLH PIFE, FRET, EMSA (Donovan et al., 2019)

These factors are featured, with central attributes of pioneer function defined from the literature, along with domains and the relevant methods for character-
ization.
®Indicates 2 or more of the 4 essential characteristics of pioneer function described in this manuscript.

(Becker et al., 2017). TFs expected to reside in the euchromatin are present in the heterochromatin
gradient-seq fractions including EWSR1, commonly found translocated in Ewing sarcoma (Delattre
et al., 1992). These advances raise pressing questions about the roles of PFs in srHC and the degree to
which methods themselves are influencing our concept of chromatin structure, with (1) accessibility-based
approaches (ATAC-seq, Cut&Tag) or (2) sequencing mono-nucleosomal fragment lengths (ChiIP-seq,
MNase-seq). As mutation rates are higher in srHC (Carone and Lawrence, 2013), it will be important to un-
derstand functional regulation in heterochromatin regions and whether one of the functions of srHC is for
functional repression of mutations or repeat elements. With studies connecting the heterochromatin
targeting of H4K20-methylated at H3K9me3-enriched regions, it will be interesting to further investigate
unbiased proteomics approaches for srHC to understand how repressive histone marks and PFs may be
interrelated (Sunkel et al., 2021).

The structural constraints of repression imposed by constitutive heterochromatin are coming into focus
with recent imaging studies (Maiser et al., 2020; Ou et al., 2017). However, central questions remain for
how PFs may be targeted to heterochromatin during interphase or in cycling cells. Job Dekker & colleagues
recently observed that chromatin contact domains are cell cycle regulated, where CTCF and cohesin are
released from chromatin during key stages in mitosis (Abramo et al., 2019). Cell cycle dependence of chro-
matin regulators has also been observed with “placeholder” nucleosomes in development (Dunleavy et al.,
2011; Murphy et al., 2018; Tallan and Stanton, 2021). Understanding the bookmarking or placeholding
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function of PFs during the cell cycle will be critical for definition of epigenetic memory. How many PFs will
also be bookmarking factors? Is bookmarking a central feature for pioneers, and will this distinction allow
for parsing of sub-classes of PFs? These questions will be of interest for sub-classifying PFs and to define
mechanisms of retention on mitotic chromatin for epigenetic inheritance.

With recent evidence that mitotic bookmarking is a function of key developmental PFs, we are able to gain
new insight into epigenetic memory. PAX3, which contributes to myogenesis and neurogenesis, has
intrinsic mitotic bookmarking capacity, which might contribute to tissue-specific memory (Wu et al,
2015). Patterns of histone marks and chromatin domains may also anticipate developmental changes in
cell division. The de novo deposition of H4K20-methylation is highly associated with asymmetry in devel-
opmental chromatin replication (Ma et al., 2020). These findings connect the placement of histone marks
associated with sonication-resistant heterochromatin and PFs in the context of epigenetic memory. Key in-
sights about read-write mechanisms for heterochromatin inheritance have also provided clues for how
pioneer function may also instruct inheritance of chromatin states, through associating with repressive re-
gions (Reinberg and Vales, 2018). Characterizing bookmarking functions of PFs, modeled in experimental
differentiation systems, will be of high interest for understanding both the maintenance and the loss of
tissue-specific epigenetic inheritance.

PIONEER FUNCTION AND CELL STATE
OCT4, SOX2, and ASCL1: pluripotency, connective tissue cancers, and brain tumors

The “core circuitry” or feed-forward transcriptional loops for OCT4-SOX2 implicate these PFs as binding to
and stimulating their own regulatory elements (Boyer et al., 2005). These factors were found to primarily
localize to their own promoters or enhancers or those of other TFs. The concerted autoregulatory capacity
for OCT4-SOX2 targets scale with their expression levels. A model emerged where pluripotency master TFs
could stabilize an epigenetic state defined by their own autoregulation. One of the central features of PFs
as reprogramming factors in cell fate decisions (Figure 1) was revealed when pools of regulatory TFs were
expressed in differentiated cells to isolate the master regulators that could direct pluripotency reprogram-
ming. These studies revealed that OCT4-SOX2, NANOG, and KLF4 had sufficiency to reprogram transcrip-
tional circuitry and induce a new epigenetically stable state (Takahashiand Yamanaka, 2006). Key questions
emerged as to how this regulation occurred at the chromatin structural level.

In embryonic stem cells (ESCs), OCT4 and SOX2 bind as heterodimers to regulatory regions, primarily at
DNasel-resistant chromatin, within the initial stages of reprograming, which is consistent with pioneer func-
tion (Soufi et al., 2012; West et al., 2014). The regulatory targets of OCT4-SOX2 become nucleosome
depleted during induced pluripotent stem cell (iPSC) generation, which also supports PF activity. Purified
OCT4 and SOX2 display strong binding preferences for nucleosomal motifs relative to the TFs KLF4/MYC
(Echigoya et al., 2020; Soufi et al., 2015). Investigations of direct versus indirect nucleosome recognition of
OCT4-SOX2 revealed that OCT4-SOX2 binding can distort the nucleosomal DNA associated with H2A-H3
to remodel its binding sites (Michael et al., 2020). In these studies, Thoma and Schibeler developed a
sequence-based approach to localize motifs in a nucleosomal context, selected engagement on nucleo-
somal sequencing (SeEN-seq), and defined the OCT4-SOX2 motif as residing near the entry-exit sites of
nucleosomes, creating altered DNA-nucleosomal contacts, which has also been observed with cryo-elec-
tron microscopy (Cryo-EM) and chemical mapping (Echigoya et al., 2020). These PFs also have roles in hu-
man cancers.

In Ewing sarcoma, there is increasing evidence that anti-differentiation is driven from pioneer activity. Ew-
ing sarcoma is a childhood bone cancer driven by a common translocation affecting the loci encoding
EWSR1 and ETS family TFs, including FLI and ERG (Delattre et al., 1992; Ewing, 1972). Harboring less
than 1 mutation per million bases of DNA, this malignancy has an exceedingly low mutational frequency
(Table 2) (Crompton et al., 2014; Dharia et al., 2021; Pishas and Lessnick, 2018). The differentiation blockade
in Ewing sarcoma is associated with transcriptional downregulation of lineage-specific genes (Kauer et al.,
2009). The expression of SOX2 has been linked to EWS-FLI activity in some reports (Riggi et al., 2010, 2014).
Excitingly, there is evidence that EWS-FLI engages its GGAA response elements even in repressed regions
of the genome (Gangwal et al., 2008; Patel et al., 2012), though recent findings suggest that while the ETS
domain is sufficient for DNA binding, a full-length fusion may be necessary for inaccessible chromatin bind-
ing (Boone et al., 2021). Understanding therapeutic mechanisms for destabilizing the motif recognition will
continue to be highly impactful (Harlow et al., 2019). It will be of high interest to extend these fundamental
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Table 2. Pediatric tumors classified by alteration frequencies, classical translocations and deletions, in comparison
with adult NSLC

Tumor type Alterations/Mb Classical alterations
ATRT/MRT* ~3/whole exome del(22q11.23)
<1 per Mb exome (Grobner et al., 2018) SNF5/SMARCB1
Myeloid leukemias™ <1 per Mb exome t(11923) MLL-rearr.
0.6 per Mb exome (Grobner et al., 2018) t(8; 21) AML-ETO
inv(16) CBFb-MYH11
Ewing sarcoma’ <1 per Mb exome (11; 22) (924; 912)
0.6 per Mb exome (Grobner et al., 2018) EWS-FLI-1
Diffuse Intrinsic 1.2 per Mb exome (Grobner et al., 2018) H3.3K27M
Pontine Glioma* H3.1K27M
Synovial sarcoma’” 1.7 per Mb exome (Chalmers et al., 2017) t(X; 18)
5518-SSX
Rhabdomyosarcoma™ 1.7 per Mb exome* (alveolar) t(2; 13) (935; q14)
2.5 per Mb exome (Chalmers et al., 2017) PAX3-FOXO1
(embryonal)
1.3 per Mb exome (Grobner et al., 2018)
(embryonal)
MPNST* 2.5 per Mb exome (Chalmers et al., 2017) del(17911) NF1A; SUZ12A
del(11914) EEDA
NSCLC# 8.1 per Mb exome (Chalmers et al., 2017) SMARCA4 mutations
19p13.2
Osteosarcoma™ 14.6 per Mb exome (CNV) (Poos et al., 2015; Complex karyotype/hyperdiploidy
Kovac et al., 2015) -10, -19
1.8 per Mb exome (SNV) +4q, +8q, +17p

1.3 per Mb exome (SNV)
(Grobner et al., 2018)

The class of (<) pediatric tumor and (A) adult tumor are defined, as well as classical alterations, mutational burden per
exome, and relevant pioneer factor.

principles to characterize essential roles of pioneer function in the establishment and maintenance of
Ewing sarcoma epigenetics.

Another childhood cancer with poor prognosis, diffuse intrinsic pontine glioma (DIPG), has transcriptional
signatures that suggest the function of key PFs, including ASCL1 and SOX2. ASCL1 has strong nucleosome-
motif binding capacity (Fernandez Garcia et al., 2019), is lineage restricted to the brain and pituitary, and is
a vulnerability in neurogenic tumors (Figures 3A and 3B). Approximately, 80% of DIPG encodes a (H3F3A)
histone H3 alteration in lysine-27 (Khuong-Quang et al., 2012). At the chromatin level, the loss of repressive
histone marks including H3K27me3 is a common feature (Lewis et al., 2013). The genes that retain
H3K27me3 are vulnerabilities in DIPG, including the INK4A locus (Mohammad et al., 2017). The PF,
ASCL1, has been implicated in DIPG transcriptional circuitry (Anastas et al., 2019; Nagaraja et al., 2017).
This neuronal TF is downregulated with in vitro drug treatments, including HDAC/LSD1 inhibition and
BRD4 inhibition. Acommon feature in studies modeling new therapies for DIPG is the transcriptional down-
regulation of ASCL1 during loss of tumor proliferation. Enhancers regulating the SOX2 locus have also
been shown to be important for DIPG transcriptional circuitry. Of note, SOX2 is a marker of neuronal stem-
ness in DIPG (Anderson et al., 2017). While there has yet to be an established cell of origin for DIPG, the
functional importance of SOX2 and ASCL1 may provide critical clues as to the neural precursor lineage
and conceptually link the undifferentiated state of the tumor to pluripotent systems. It will be impactful
to understand how H3.3K27M incorporates into nucleosome core particles and how would this affect nucle-
osomal-motif recognition and binding by PFs.

ASCL1 and SOX2 are also active in malignant rhabdoid tumors (MRTs) and atypical teratoid rhabdoid tu-
mors (ATRTs), which are aggressive pediatric cancers that arise in soft tissues, CNS, or kidney, and have a
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Figure 3. Pioneer factors exhibit lineage-restricted expression and vulnerabilities

(A and B) Data analysis from the GTEx Consortium for expression levels of key pioneer factors in various tissues, with a focus on OCT4, SOX2, ASCL1, MYOD,
PAX3, PAX7, FOXA1, FOXO1, FOXD3, FOXA2, GATA3, PU.1, CEBPa, B and (B) Examples of pioneer factors whose activity drives human cancers, with data
analyses from DepMap, with a focus on SOX2, ASCL1, MYOD, PAX3, PAX7, FOXA1, FOXO1, PU.1, and CEBPa.

poor prognosis (Sigauke et al., 2006). Recurrent deletions of chromosome 22 are characteristic of MRTs,
and most of these alterations have been linked to loss of SMARCB1 (Table 2), a key subunit of BAF com-
plexes (Biegel et al., 1999, 2002; Versteege et al., 1998). With SMARCB1 loss, these tumors can assemble
non-canonical BAF (ncBAF) complexes, which are an acute vulnerability in MRTs and other SNF5-deficient
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cancers (Michel et al., 2018; Weissmiller et al., 2019). The strong dependence of SMARCB1-deficient MRTs
on the continued expression and assembly of functional chromatin remodeling complexes (ncBAF) sug-
gests they are under constant pressure to maintain an epigenetic program, perhaps instructed by TFs or
PFs with transforming potential. In support of a rewired pioneer landscape driving MRT/ATRT phenotypes,
a combined transcriptomic and epigenomic characterization of 191 ATRT tissues revealed subtypes with a
distinct core transcriptional circuitry (Torchia et al., 2016). These include (1) tumors driven neurogenic
factors ASCL1, MYCN, and SOX2, (2) tumors driven by OTX2 and MSX1, and (3) tumors driven by
FOXC1, MYC, and various HOX family members (Figure 3; Table 2). The prevalence of pluripotency
(SOX2) and neurogenic (ASCL1) PFs in these data suggest that neuronal stem cell-like features are present
in ATRT and provide conceptual similarity to DIPG, which also has characteristic expression of these PFs. It
is also of note that SOX2 and ASCL1 are each expressed in the brain, and SOX2 represents a vulnerability in
ATRT (Figures 3A and 3B). In synovial sarcoma (SS), which also loses SMARCB1 assembly into BAF
complexes, the pluripotency PFs, SOX2, and OCT4, is expressed at high levels, providing interesting con-
nections between cancer stemness and sarcoma tumor initiation (Kadoch and Crabtree, 2013; Naka et al.,
2010). Understanding mechanisms for how SOX2, OCT4, and ASCL1 interact with distinct SWI/SNF com-
plexes to regulate epigenetic states in DIPG, MRT/ATRT, SS, Ewing sarcoma, and other childhood tumors
will be of high interest.

In malignant peripheral nerve sheath tumors (MPNSTs), SOX-family pioneers have characteristic activities.
MPNSTs are driven from loss of polycomb group genes (PcGs), with biallelic loss of SUZ12 or EED occurring
together with alterations in Ras effectors. The dual loss of SUZ12 and NF1 has been reported in many cases
(Kimetal., 2017; Miettinen et al., 2017). Null mutations of EED are also thought to drive malignant MPNSTs,
resulting in a global defect in deposition of H3K27me3. Similar to MRT/ATRT, the deregulation of
H3K27me3 can serve as an epigenetic driver, while MPNST has stereotypic losses, whereas ATRT has gains
at CDKN2A/INK4A/ARF (Wilson et al., 2010). So how do MPNST epigenomes interact with transcription
factors? MPNSTSs are characterized by high expression of TWIST1 and SOX9?, while SOX2 is often downre-
gulated (Miller et al., 2009). SOX9 has been shown to bind to nucleosomal motifs in in vitro transcription
assays (Coustry et al., 2010). While the binding preferences of SOX9 to DNA motifs have been characterized
(Mertin et al., 1999), further studies will be important to understand if SOX9 satisfies the key criteria for
pioneer function (Liu et al., 2018). Given global losses in PcG function, understanding the global accessi-
bility in MPNST may require spike-in normalized sequencing of accessible DNA. Understanding pioneer
function in MPNST will lead to a more complete understanding of how loss of H3K27me3 may alter motif
binding preferences, with PFs that might not encounter nucleosomes as a steric deterrent. We hypothesize
that either (1) a hyper-accessible MPNST genome would interact with TFs more broadly in this tumor, with
less stringent requirements for srHC targeting or (2) compensatory H3K9me3 may provide an alternative
pathway for the epigenetics of PFs in MPNST.

MYOD, PAX3, PAX7, and forkhead family: muscle development and myogenic tumors

MYOD functions as a master regulator in the conversion of embryonic fibroblast cells to a myoblast state
(Davis et al., 1987). However, a recent report suggested the extended alpha-helical DNA binding domain
of bHLH factors such as MYOD would prevent their recognition of nucleosomal motifs (Fernandez Garcia
et al., 2019), potentially limiting intrinsic capacity for pioneer function. The basic patch of MYOD is
essential for its instructive function in myogenesis (Figure 3) (Tapscott et al., 1988). Early observations
connecting the molecular targeting of MYOD to chromatin acetylation emerged with mouse embryonic
fibroblasts with inducible nuclear MYOD (Bergstrom et al., 2002; Hollenberg et al,, 1993). In these
studies, ChIP experiments were integrated with RNA expression analysis and revealed that MYOD bind-
ing to E-box motifs preceded histone acetylation and early gene expression. These early reports impli-
cate MYOD as a PF, while direct nucleosomal binding remains to be systematically studied. While MYOD
is predominantly expressed in the muscle and testis (Figure 3), it is also vulnerable in sarcomas. A recent
study elegantly showed MYOD as a key dependency in a highly aggressive pediatric muscle tumor,
rhabdomyosarcoma (RMS) (Dharia et al., 2021). Mechanistically, there is evidence that this MYOD
dependency in RMS is linked to activation of SNAI2 transcription (Pomella et al., 2021). While wild-
type MYOD can serve as a tumor driver in RMS (Dharia et al., 2021; Gryder et al., 2019), mutant
MYOD has been shown as a driver in a subtype of highly aggressive rhabdomyosarcomas with poorest
clinical outcomes (Kohsaka et al., 2014; Shern et al., 2014, 2021). Connecting nucleosome binding ki-
netics, MYOD's role in establishing core circuitry and its roles in childhood sarcoma will be impactful.
Given that MYOD is a master regulator for muscle development but also plays instructive roles in tumors
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with a muscle differentiation blockade (RMS), understanding fractional occupancy and dosage sensitivity
of MYOD could provide essential clues.

Forkhead TFs with winged-helix domains are critical for the initial phases of lineage commitment during
establishment of endoderm development (Ang et al., 1993; Genga et al., 2019). FOXA1 has essential roles
in liver development (Lee et al., 2005) and binds strongly to nucleosomal motifs, with a Kp in the low nano-
molar range (Fernandez Garcia et al., 2019) (Figures 2B and 3A). A related forkhead family member PF
FOXD3 has been shown as essential for early development, while it has remained challenging to under-
stand the mechanistic interdependence of FOXD3 and FOXA1 at the chromatin interface (Gualdi et al.,
1996; Krishnakumar et al., 2016). There have also been interesting connections between FOXD3 function
and CpG methylation states (Xu et al., 2009), which presents possibilities for integrating a direct pioneer
function in opposing de novo DNA methyltransferase activity (Domcke et al., 2015). It is important to
note that PFs from different families might not have identical properties at distinct phases of the cell cycle
or retention on DNA motifs within mitotic chromatin. While the forkhead family member FOXO1 has
pioneer function (Hatta and Cirillo, 2007), there is no current evidence that it can associate with mitotic
chromosomes, while SOX2 remains associated through mitosis (Teves et al., 2016). It is of note that
FOXO1 ranks as vulnerability in RMS, likely because of its role in the fusion PF oncoprotein PAX3-
FOXO1 (Figure 3B) (Dharia et al., 2021).

The PFs PAX3 and PAX7 are capable of inducing the fibroblast-to-myoblast transition (Ito et al., 2017). PAX3
has been shown to function as a PF and mitotic bookmarking factor and to induce accessibility during myo-
genesis (Magli et al., 2019; Wu et al., 2015). PAX7 functions as a PF with nucleosomal motif occupancy
(Mayran et al.,, 2018; Pelletier et al., 2021). Conversion of mouse ESCs into muscle progenitor cells has
been reported with exogenous expression of PAX3, which enables cell fate transition presumably through
initiating myoblast-like core circuitry (Darabi et al., 2008). The PAX3 paralog PAX7 is also critical for myo-
genesis and has been studied in the context of its ability to induce a myogenic transcriptional circuitry in
iPSCs (Darabi et al., 2011). Induced PAX7 can target H3K27me3- and H3K9me3-enriched chromatin and in-
fluence DNA accessibility within hours at its binding sites (Lilja et al., 2017). PAX7-dependent accessibility
induction is linked with the placement of H3K4me1 and H3K27ac. These findings are consistent with a
model where PAX7 functions as a PF to interact with repressive chromatin (Figure 1). It will be important
for the field in the coming years to define the precise maintenance interplay between MYOD, PAX3,
PAX7, and MYOG in myogenic development. Future investigations to understand the establishment and
maintenance of PF function in myogenesis (Figure 1) will have implications for definition of mirrored pro-
cesses in myogenic tumors and dystrophic diseases.

RMS is a rare pediatric tumor with a poor prognosis (Shern et al., 2021). The more aggressive alveolar RMS
subtype is driven from translocations between the forkhead (FOXO1) activator, with the PAX3/7 DNA bind-
ing domains, resulting in expression of t(2;13) or t(1;13) fusion oncoproteins PAX3-FOXO1 or PAX7-FOXO1
(Barr et al., 1993; Galili et al., 1993). The fusion oncoprotein PAX3-FOXO1 has been shown to induce trans-
formation but also cell cycle arrest, depending on “oncogene dosage” and co-expression of other TFs
(Pandey et al., 2017). The genetic drivers of the fusion-negative RMS (FN-RMS) embryonal subtype are
fundamentally distinct from the alveolar subtype, including RAS mutations (Stratton et al., 1989) and mu-
tations in NF1 and FGFR4 (Chen et al., 2015; Taylor et al., 2009). The classical markers of skeletal muscle
development from myoblast-to-myotube are repressed in fusion-positive RMS (FP-RMS), resulting in loss
of myosin heavy chain and wt-PAX3/7 expression, and upregulation of MYCN, MYOD, MYOG, and IGF2
(Keller and Guttridge, 2013; Khan et al., 1998). The major translocations PAX3/7-FOXO1 comprise fusion
partners PAX3 and PAX7 that have individually demonstrated pioneer function (Hatta and Cirillo, 2007,
Magli et al., 2019; Mayran et al., 2018). Recent evidence suggests that PAX3-FOXO1 has intrinsic pioneer
activity to bind to repressive chromatin and nucleosomal motifs (Sunkel et al., 2021). PAX3 also ranks highly
as a vulnerability in RMS (Figure 3) (Dharia et al., 2021).

There are strong neurogenic signatures in RMS, including the aforementioned ASCL1, PAX3, and PAX7
genes (Mansouri and Gruss, 1998). In experimental models of neuronal development, ASCL1 binds to
repressed regions of chromatin, which subsequently become accessible at distinct stages of differentiation
(Raposo et al., 2015). The predominance of motifs for the PFs ASCL1 and MYOD in chromatin regions
bound by mammalian SWI/SNF complexes (B.D.S. and B.Z.S., unpublished data) provides insight into
the steady-state coregulation of accessibility with PFs and ATP-dependent chromatin remodeling
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(Figure 1). Future efforts will be important for understanding the role of neuronal chromatin signatures in
RMS, related to the concerted action of TF networks. While the predominant developmental model for
RMS is a blockade of myogenesis, PF chromatin signatures may provide motivation to explore hypotheses
of a neuronal cell of origin for this tumor.

GATAS3, PU.1, and CEBP«, B: immune cell development and leukemias

Cascading expression and function of TFs orchestrates immune cell development. While the concerted ac-
tivities of cell-type-specific TFs can facilitate lineage specification in the innate and acquired branches of
the immune system, we focus on the master regulators GATA3, PU.1, and CEBP. Hematopoietic stem cells
(HSCs) develop in the bone marrow and migrate to the thymus during T cell maturation before reaching the
periphery. During commitment stages (DN 1, DN2), selection stages (DN3, DN4), and lineage specification
for CD4+ helper T cells (DP to CD4), the function of the PF GATA3 (NF-E1c) is required (Yamamoto et al.,
1990; Zheng and Flavell, 1997). Connection between T cell development and the PF activity of GATA3 has
been observed in the context of binding to nucleosomes, and its activity linked to induction of accessibility
(Tanaka et al., 2020). GATA3 is essential for DN2 stage entry (Hosoya et al., 2009) and establishment of the
DN4 stage (Pai et al., 2003) implicating this PF in multiple steps of early T cell maturation. GATA3 is also
important for development of CD4+ T helper cells (Farrar et al., 2001; Nawijn et al., 2001). Thus, evidence
supports an instructive pioneer function for GATA3 being necessary and sufficient for T cell development in
both early and later stages.

Motif accessibility can serve as a gateway to understanding the distinct pathways in hematopoietic devel-
opment. Hematopoietic PFs GATA3, PU.1, and CEBP often have accessible motifs in immune cell develop-
ment (Corces et al., 2016). In studies of B cell and myeloid development, PU.1 (SPI1) is highlighted with
motif enrichments in human multipotential progenitor (MPP) cells (Nerlov and Graf, 1998), and its expres-
sion can lead to opening of chromatin at tissue-specific enhancers (Heinz et al., 2010). While PU.1 motifs are
enriched in B cells (Corces et al., 2016), pioneer function of PU.1 was revealed in early work on B cell devel-
opment, where it regulates chromatin accessibility at IgG heavy chain enhancers (Nikolajczyk et al., 1999).
PU.1 alters MNase cutting activity, presumably through its binding to nucleosomal motifs, and it associates
with chromatinized motifs over IgG heavy chain p-enhancer. PU.1 is instructive for accessibility changes and
remodeling of enhancer chromatin structure. Indeed, it has been recently reported that PU.1, CEBP, and
GATA family PFs can bind to nucleosomal motifs, consistent with pioneer activity (Fernandez Garcia
et al.,, 2019). However, CEBPa has comparatively weak nucleosome-motif binding, relative to other PFs.

PU.1is also a master regulator of myeloid development (Nerlov and Graf, 1998; Scott et al., 1994). To model
the transition of multi-potent myeloid progenitors into myeloblasts, Graf & colleagues used an in vitro dif-
ferentiation system with induced expression of PU.1. The activation domain and the ETS domain were both
necessary for this instructive role in myeloid differentiation. These results are not restricted to MPPs, and
PU.1 expression can induce the expression of macrophage markers in fibroblasts as well (Feng et al.,
2008). CEBPa,B regulate enhancers in macrophage development (Corces et al., 2016; Heinz et al., 2010).
The myeloid marker, macrophage-1 antigen (Mac-1), is induced approximately 100-fold upon PU.1 expres-
sion in NIH3T3 cells, an effect that is augmented with co-expression of CEBPa.. In macrophages stimulated
with lipopolysaccharide (LPS), PU.1 motifs are among the most highly enriched in P300 ChiIP-seq (Ghisletti
et al.,, 2010). This suggests that enhancer establishment during macrophage activation is highly coupled to
PU.1 motif accessibility, indicating a role in mature macrophages in addition to earlier steps in develop-
ment. Strikingly, many of the LPS-induced P300 sites are pre-associated with PU.1, which is consistent
with a pioneer function in inactive chromatin binding prior to accessibility and deposition of H3K27ac.
The roles of PU.1 in enhancer regulation have been highlighted in B cells as well as macrophages (Heinz
et al.,, 2010). PU.1 emerges as the most highly enriched motif correlated with enhancer-associated chro-
matin modifications in B cells and macrophages, and its binding precedes enhancer activation. PU.1 motifs
can be occupied in gene deserts or inaccessible regions in macrophages, which is consistent with pioneer
function (Pham et al., 2013). In surface plasmon resonance (SPR) studies, PU.1 associates with its motif
slower than non-pioneer ETS-1, while PU.1 dissociates on timescales of minutes in comparison to seconds
for ETS-1 (Wang et al., 2014). Thus, similar to Reb1, PU.1 has kinetics defined by a slow kg (Figure 2).
Combining MNase-seq with ChIP-seq revealed that PU.1 binding is correlated with nucleosome depletion
in myeloid cells, while it has the capability of intrinsically binding to nucleosomal motifs (Barozzi et al.,
2014). Thus, PU.1 pioneer function is essential for multiple branches of innate and acquired immune cell
development.
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The PFs PU.1 and CEBPa have unique activity in acute myeloid leukemia (AML), an aggressive blood cancer
that derives from myeloid cells that proliferate and fail to differentiate. AML has among the lowest muta-
tional frequencies of sequenced cancers (Cancer Genome Atlas Research et al., 2013), with fewer than 1
mutation per Mb in adult AML (Alexandrov et al., 2013), approximately 0.17 mutations per Mb in pediatric
AML (Ma et al., 2018), and fewer than 0.1 coding mutations per Mb (Grobner et al., 2018) (Table 2). To sup-
portthe role of PFs in the core circuitry of AML, the master regulatory GATA family members and CEBPB are
highly associated with DNA accessibility in leukemic blasts (Corces et al., 2016). Childhood AML has similar
genetic drivers to adult AML (Grobner et al., 2018), with the notable absence of the commonest alterations
occurring in adult clonal hematopoiesis (DNMT3A, IDH2, TET2) (Busque et al., 2012; Quek et al., 2018). The
major childhood AML subtypes include (1) core binding factor AML (8;21) RUNX1-RUNX1T1 (AML1-ETO)
(Faber et al., 2016) and inv(16) (CBFb-MYH11) (Cancer Genome Atlas Research et al., 2013; Liu et al., 1993)
and (2) KMT2A/MLL-rearranged (11923) AML (Gu et al., 1992; Meyer et al., 2006; Taki et al., 1996). The in-
sights into the genetic drivers of AML lead to the question do the driving alterations affect pioneer activity?
A pattern emerges supporting a model where genetic drivers in AML systematically alter the function of
several key PFs.

The fusion TF AML1-ETO (RUNX1-RUNX1T1) has been shown to disrupt the normal function of the PF, PU.1,
in myeloid development (Vangala et al., 2003). Mutations in PU.1 are mutually exclusive with AML-ETO al-
terations in leukemia, suggesting a converging epigenetic pathway. The AML-ETO chimeric fusion onco-
protein alters the function of CEBPa (Pabst et al., 2001; Vangala et al., 2003). Evidence suggests that core
circuitry established by CEBPa is suppressed at the chromatin level by AML-ETO fusions. Interestingly,
CEBPa deletion is toxic in AML, suggesting that maintaining the right balance of pioneer activity is essen-
tial, as has been evidenced in sarcomas (Seong et al., 2021) (Figure 3). Expression of the CBFb-MYH11
chimera during early development restricts myeloid lineage specification (Castilla et al., 1996). The
CBFb-MYH11 fusion binds strongly to gene promoters and is associated with high levels of RNAP2,
including E-box and GATA motifs (Mandoli et al., 2014). Strikingly, CBFb-MYH11 genomic binding sites
overlap strongly with PU.1. This provides an interesting insight into the co-opting of core regulatory ma-
chinery for anti-differentiation programs.

In MLL-rearranged leukemias, translocation partners co-opt the H3K79-methyltransferase activity of
DOT1L complexes, retargeting this histone mark. While inhibition of H3K79 methylation in MLL-rearranged
AML results in DNA accessibility reductions, inhibition of H3K4-demethylase activity (LSD1) results in
leukemic differentiation through accessibility changes at PU.1 and CEBPa motifs (Cusan et al., 2018). These
findings motivate further efforts to understand the interactions of histone marks and PFs in AML. Taken
together, across AML-ETO, CBF-MYH11, and MLL-rearranged AML, altered interactions with hematopoi-
etic PFs PU.1 and CEBPa result in distinct epigenetic states.

The inhibition of pioneer function or the co-opting of pioneer function by chimeric translocations repre-
sents common epigenetic features of leukemogenesis, with striking parallels to other translocation-driven
tumors (Boone et al., 2021; Gryder et al., 2019; Sunkel et al., 2021). Future studies will be critical to examine
the four definitions of pioneer function in the context of AML translocations and the precise mechanisms by
which these chimeric oncogenes interfere with PFs in myeloid differentiation blockade. The pattern of sys-
tematically altered PF activity in AML leads to the question of whether the transcriptional regulation of
these PFs might serve as a vulnerability (cf., Figure 3). Further studies of the precise epigenetic require-
ments for regulation of PU.1 and CEBPa and their precise chromatin targeting will be important for defining
therapeutic opportunities for AML differentiation.

SUMMARY AND OUTLOOK

In cancers bearing high rates of somatic mutations, integrative analyses of have revealed high frequency
alterations in TF binding sites. Yet these cancers often retain transcriptional regulatory circuitry resembling
their tissue of origin. PFs may be central to reconciling these observations, in establishing the tumor epi-
genome and transcriptome. Selective pressure for conservation of coding sequences may be less stringent
outside of the exome. Indeed, a potential driver of regulatory diversity may be the sequence heterogeneity
within TF binding sites (Gerhart and Kirschner, 2007; Vierstra et al., 2020; Villar et al., 2015). Thus, “motif
stability” for TFs and PFs may be under distinct evolutionary requirements compared with coding regions
of regulatory factors. How is gene regulatory circuitry maintained for a cell to preserve its identity in the face
of mutability of cis-regulatory elements?

¢? CellPress

OPEN ACCESS

iScience 24, 103132, October 22, 2021 15




¢? CellPress

OPEN ACCESS

Fractional occupancy for TF-motif pairs (Equation 3) depends on both the expression level and the affinity
of the TF for its cognate motif but lacks strict requirements for motif's abundance. Thus, there is a "buffer”
where PFs may retain the capability to establish core circuitry despite varying degrees of (1) accessibility of
their motifs and (2) the relative abundance of wild-type motifs. This also raises the possibility of core
circuitry establishment being relatively stable even in the presence of non-coding genetic variation in a
certain organism or at the population level. Perhaps there are severe implications for this conceptual
framework as well, such that an oncogene with pioneer function may be independent of the motif abun-
dance or the cell of origin. Increasing evidence suggests that low mutational burden tumors are driven
from epigenetic alterations (Boone et al., 2021; Lin et al., 2019; Pomella et al., 2021; Sunkel et al., 2021).
It will be important to understand how these chromatin-level changes are translated into stable transcrip-
tional states. PF function shapes the epigenetic accessibility landscape in development and also provides
clues for the establishment of chromatin states that prevent differentiation in cancers. Do low-mutational
burden tumors result from altered pioneer function? Studies of differentiation blockades may encode
essential clues.

With the recent studies of srHC, our view is that new methods would allow us to better understand the frac-
tion of the inaccessible genome that may be bound by bookmarking factors, PFs, and other factors,
through distinct phases of the cell cycle. The Tn5 transposase does not function as a PF, making kinetic res-
olution in vivo challenging in terms of (1) defining partially unwrapped nucleosomes in the context of tran-
sient site exposure and (2) measurement of off-rates for PFs. If a TF induces DNA accessibility, the adage
post hoc ergo propter hoc is a good reminder that definitions of “PF” require key attributes independent
from merely inducing open chromatin. Rigorous examination of nucleosomal targeting and association
with repressive chromatin are important. Finally, defining the shift from epigenetic establishment to main-
tenance requires an understanding of when equilibrium has been reached on chromatin, which is quite
challenging.

Future studies will be important for providing empirical evidence to replace a priori definitions: with new
translocations sequenced in rare disease, it may not be possible to predict pioneer function as a “gestalt
phenomenon”, where the whole is more than the sum of its parts, despite component parts being
derived from PF pairs (e.g., PAX3-FOXO1). New insights into conserved function versus conserved struc-
ture will be impactful. Understanding if there is a pioneer for each tissue type, and by extension, a
pioneer driving circuitry and epigenetic memory in each human cancer will be important questions to
address. Furthermore, targeted protein degradation of PFs (Tallan and Stanton, 2021) may allow nucle-
osomes to productively occlude non-pioneer TFs to alter genome structure in human cancer. Our anal-
ysis of the literature strengthens the view that PFs, and TFs more broadly, should be directly included in
our conception of epigenetics. While ATP-dependent chromatin remodeling complexes lack specific
consensus binding motifs, pioneer function is likely to establish targeting of the accessible genome in
human tissues.
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