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Pioneer factors —

key regulators

of chromatin and gene expression
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Pioneer factors are a group of
transcription factors with important
roles in gene regulation during
development. Their unique ability

to bind to compacted chromatin,
promoting its remodelling for gene
expression, sets them apart from
other regulatory proteins and makes
them essential players in cellular
differentiation, fate determination
and reprogramming. Here, we have
tasked five experts with discussing
our current understanding of
pioneer factors and their functions
to showcase why exploring these
proteins offers unique insights into
gene regulation and cellular identity.

How would you define a pioneer factor?

Melissa M. Harrison. Development is regu-
lated by the initiation of novel gene expres-
sion programmes, which are driven by
transcription factors (TFs) binding to distinct
cis-regulatory modules. Nucleosomes are
refractory to binding of many TFs, and bind-
ingisfurtherlimited in compacted chromatin.
By contrast, active cis-regulatory modules are
largely devoid of nucleosomes and, therefore,
accessible to TFs. It was unclear how develop-
mentally regulated cis-regulatory modules
initially gained accessibility. Pioneer factors
provided a powerful framework for resolving
this conflict with the initial demonstration
that FOXA (also known as HNF3) could bind
closed, nucleosome-occupied chromatin,
promote accessibility and facilitate the later
binding of additional, tissue-specific TFs'.
Since the initial studies, it has become clear
that multiple disparate factors share these
defining characteristics of a pioneer factor?.
Although the distinct biochemical mecha-
nisms may differ, pioneer factors share the
capacity to define cis-regulatory modules to
drive gene expression programmes.

Martha L. Bulyk. I consider a pioneer factor to
be a sequence-specific TF that can bind DNA

recognition sitesembedded in nucleosomes,
which leads to the opening of chromatin by
various molecular mechanisms that depend
onthe particular pioneer factor. Inmy group,
we refer to nucleosomal binding as ‘pioneer
binding” and the subsequent opening of
chromatin as ‘pioneer activity’.

Ken S. Zaret. Most broadly, | would define a
pioneer factor as a TF that can target a gene
or enhancer in closed chromatin and initiate
chromatin opening, as seen during cell fate
changes'. A more refined definition is that
a pioneer factor can target a DNA site on a
nucleosome and elicit changes to the under-
lying nucleosome or neighbouring nucleo-
somes that allow other factors to enter the
chromatin and impart a new functional iden-
tity to thelocal domain. Protein cross-linking
studies and cryo-electron microscopy struc-
tures are revealing that pioneer factors have
essential interactions with core histone pro-
teins in the nucleosome, firmly establishing
nucleosome interactions as being central to
function. Pioneer factors can displace linker
histone or distort DNA, leading to exposure of
anunderlying nucleosomeinchromatin. The
initial nucleosome perturbations by pioneer
factors are transient but can be locked in and
expanded by enabling the action of nucleo-
some remodellers?, asinitially seen for GAGA
factor and the NURF complex®.

Jacques Drouin. Pioneer factors have the
unique ability to access their target DNA
sequences within so-called closed chroma-
tin and to initiate the process of chromatin
opening’. Beyond this description of their
unique properties, what are their unique fea-
tures that provide them with this capacity?
Closed chromatin is condensed and, hence,
contains mostly nucleosomal DNA. Unsurpris-
ingly, most pioneer factors have the ability to
interact with nucleosomal DNA; however, it
remains unclear to what extent this ability is
necessary and sufficient for pioneer action®,
orwhetheritis permissive in conjunction with
other features, such as the ability to interact
with heterochromatin proteins. Althoughinter-
action with heterochromatin was observed

for several pioneer factors, its importance for
pioneer action remains to be defined.

Jussi Taipale. A pioneer factorisa TF thatcan,
when presentin asufficiently high concentra-
tion, access and bind to nucleosomal DNA in
cells without needing accessory factors or
other TFs. As the name says, pioneer factors
bind first, paving the way for other TFs to bind
to nearby sites. So my suggested definition
is operational, not simply qualitative and
biochemical. By this definition, factors that
are never expressed at a high enough level
invivo to access their nucleosome-obstructed
binding motifs would not qualify as pioneer
factors. However, in pathological conditions
suchas cancer, anon-pioneer factor could gain
pioneer activity due to mutation or overex-
pression. By contrast, many pioneer factors
commonly actinanon-pioneer capacity when
their expression level is insufficient to effec-
tively access their binding motifsin nucleoso-
mal DNA, but sufficient tobind to already open
chromatin (see, for example, ref. 7).

Note that my definition differs from the
definition based on whether a TF binds to all
its motifs in cells; the latter definition would
include many TFs that contain arrays of C2H2
zincfingers suchasKRABrepressors, CTCF and
REST. Because consecutive zinc fingers block
access to continuous stretches of the major
groove, steric hindrance prevents most C2H2
zinc finger TFs from accessing nucleosomal
DNA. Hence, although many multi-zinc finger
TFs bind to most of their high-affinity motifs,
they most likely do so by binding to DNA when
anucleosome is not present, rather than by
specifically recognizing their motifsin nucleo-
somal DNA. In addition, the tendency of these
factorstobindtothe genome alone makesthem
more similar to ‘lone rangers’ than pioneers.

What are the most important molecular
and cellular functions of pioneer factors?

M.M.H. With a focus on how developmental
gene expression programmes are regulated,
the mostimportant aspect of pioneer factors
is not a single molecular mechanism but the
overarching conceptual framework that they
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bind and open closed chromatin. The ability of
pioneer factors to define novel cis-regulatory
modulesallows pioneer factorstoactatthetop
of generegulatory networks. Itis this capacity
that enables pioneer factors to drive repro-
gramming, transdifferentiation and, when
dysregulated, diseases such as cancer. This is
achieved by binding to closed chromatinand
promoting accessibility for additional TFs that
regulate gene expression. Nonetheless, the
molecular mechanisms may differ between
factors. Proteins that function as pioneer fac-
tors have adiversity of different DNA binding
domains, and biochemical and structural stud-
ies have demonstrated that they engage the
nucleosome through distinct modalities>®.
Some pioneer factors may primarily promote
accessibility by directly functioning to evict
histones, whereas others function through
the recruitment of ATP-dependent chromatin
remodelling complexes.

J.T. The main molecular function of pioneer
factorsistheability to recognize their motifsin
the context of chromatin and the nucleosome.
Biologically, they are central in both opening
new chromatin and maintaining existing open
chromatin —functions thatare central togene
expression and cell fate determination.

M.L.B. A critical function of a pioneer factor
is that its nucleosomal binding enables sub-
sequent binding by co-regulatory factors,
leading to chromatin opening and allowing
additional regulatory factorsto (co-)bind and
activate gene regulatory cascades’. In this way,
pioneerfactorsserveaskey initiators of regula-
tory cascadesin development, differentiation
and cellular reprogramming.

J.D. The most important function of pio-
neer factors is their action in the specifica-
tion of new cell fates. This role is crucial as it
circumvents mechanisms thatareactiveinall
cells to maintain the status quo of chromatin
organization, whether active or inactive. By
targeting regulatory sequences within the
inactive part of the genome and deploying
new enhancer repertoires, pioneer factors
are unique in initiating the process of pro-
gramming new cell identity. They thus act
in development at crucial junctions to allow
establishment of new cell lineages.

It is also noteworthy that beyond opening
the chromatinstructure at enhancers for acti-
vation of new gene expression programmes,
some pioneer factors also implement epige-
netic memory through DNA demethylation;
following enhancer activation by the pioneer
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accessible in the primed state'.

K.S.Z. Single-molecule tracking studies have
revealed that the non-specific nucleosome
scanning feature of pioneer factors enables
them to scan compacted forms of chromatin,
whereas non-pioneer factors that do not bind
nucleosomes scan more open domains of
chromatin™. Iview the compact chromatinscan-
ning feature of pioneer factors as being cen-
tral to their roles in enabling cell fate changes,
where silent gene regulatory sequences must
be accessed and activated for anew cell fate.

Numerous genetic studies have revealed
that cell fate changesinvolvingthe closed chro-
matin targeting function of pioneer factors
include zygotic genome activation, embryonic
development and cellular reprogramming?.
An unanticipated feature was a role for pio-
neer factorsin cancer; pioneer factors enable
oestrogen and androgen hormone receptors
to bind chromatin in breast cancer and pros-
tate cancer, respectively, and parts of pioneer
factors can become fused to different activa-
tion domains, generating oncogenic fusion
proteins®. These discoveries extend pioneer
functioninto acute generegulatory scenarios
thataredistinct from cell fate controland have
led to attempts to block pioneering function
to suppress cancer cell growth.

What are the most informative methods
for studying pioneer factors?

M.L.B. A combination of in vitro and in vivo
systems is most powerful for providing
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insights into mechanisms of pioneer bind-
ing and activity. In vivo analysis can provide
valuable information on the pathways that
are regulated, the effects on chromatin and
occupancy by additional factors. However,
specific features regulating a pioneer factor’s
binding to nucleosomes can be obscured by
the context of the nuclear milieu. In vitro meth-
odsenableareductionistapproachtoreveal a
putative pioneer’sintrinsic capability for bind-
ing nucleosomes, and to assess where and to
what sequences a pioneer binds and how that
binding may be modulated by cofactors. Such
methods should assay full-length proteins
where possible, as regions outside the DNA
binding domain may influence pioneer bind-
ing. For example, one study found that ashort
helical region outside the DNA binding domain
of the pioneer factor FOXA1 promotes inter-
action of FOXA1 with core histones”. Highly
parallel, sequencing-based assays of large
libraries of DNA sequences on nucleosomes,
depending on how they are designed, can
provide insights into the sequence features
of pioneer binding, such as the positional pref-
erences of where, within nucleosomes, pio-
neer factors bind preferentially** . Structural
studies of TF-bound nucleosomes, although
typically limited to asingle nucleosomal DNA
sequence, serve as a lens for understanding
molecular mechanisms by which pioneer fac-
torsinteract with their binding sites on nucle-
osomes, suchaswhich of potentially multiple
DNA binding subdomains they utilize in bind-
ing nucleosomalssites, and which parts of other
proteins in the complex may be involved in
mediating the binding interaction'*".

naturereviews genetics



Viewpoint

K.S.Z. The definitive test of whethera TFis a
pioneeristotest whetheritcanbindtoitstar-
get DNA motif on nucleosomes. Although this
ismost readily assessed by invitro studies with
recombinant molecules, an in vivo surrogate
is to assess whether a newly induced factor
targets pre-existing nucleosome sequences,
as determined by mapping DNA fragments
that are MNase-resistant or enriched for core
histones by chromatinimmunoprecipitation
(ChIP) or CUT&RUNZ. More frequently used
tests assess whether a newly induced factor
targets genomic sites that are resistant in
ATAC-seq or DNase-seq assays. Non-pioneer
factors that cannot saturate a nucleosome
binding site in vitro can target closed chro-
matin sites when vastly over-expressed
invivo, as defined by expression far beyond
what the factor would exhibit in a natural
cell fate-changing context. More physi-
ologically expressed, nucleosome-binding
pioneer factors will target MNase-resistant,
ATAC-resistant and DNase-resistant sequences
far more frequently than non-pioneer factors.
Yet, in all cases, pioneer factors also target
open chromatin sites'®. Notably, more than
half of pioneer factors’ targeted sites are in
closed chromatin'**°, which reflects nucleo-
some affinity that may be imparted by core
histoneinteractions compensating for partial
DNA motif recognition.

JT. Thefield is truly interdisciplinary, and no
single method can be used to define pioneer
activity. Asthe precise molecular mechanisms
of pioneer activity differ between different
factors, themostinformative methodsinvitro
have been nucleosomal binding assays that
canidentify binding specificities of TFson the
nucleosome, and the factors’ positional and
orientational preference'". Invivo, key exper-
imentsincludeinduced expression of TFs that
are not normally expressed in a cell type, and
then studying how motifs on nucleosomes are
recognized using genome-scale methods such
as MNase-ChIP*. Recently, methods such as
BANC-seq*’havealso started to bridge the gap
betweenin vitroandin vivo studies.

M.M.H. To generate a comprehensive under-
standing of how pioneer factors drive devel-
opmental transitions, it is essential to study
theminbothabiochemicaland a physiological
context. Elegant biochemical and structural
assays have elucidated how pioneer factors
engage DNA within nucleosomes, how pio-
neer factors interact with the histones, how
modifications to the histones can affect
this interaction and how cofactors stabilize

interactions®”?, Although these studies pro-
vide essential insightsinto how pioneer factors
engage chromatin, similar to any experiment
there are limitations to these assays as they
are often performed on mononucleosomes
generated with DNA sequences that promote
stable nucleosome positioning. By contrast,
nucleosomes are often poorly positioned at
enhancersinvivo. Furthermore, the strengths
of the simplified biochemical systems neces-
sitatethat they lack the complex set of possible
cofactors and chromatin modifications that
existin a cell. To understand the biological
significance, biochemical studies must be
complemented with investigations of pro-
tein function in vivo at endogenous levels*.
Diverse biological contexts may have different
requirements. For example, in all organisms
studied to date, pioneer factors are required
for the initial expression of genes from the
zygotic genome*?°, At this early stage of
development, the chromatin is relatively
naive and largely devoid of modifications to
the histones. Later in development, as the
chromatin matures and diverse sets of cofac-
torsare expressed, these same pioneer factors
canoccupy distinct locations and have differ-
ent functionalities. Additionally, the levels
of expression of the pioneer influence bind-
ing and activity”. Complementing rigorous
biochemical studies with functional studies
withinanorganismis essential to understand-
ing the biological role of pioneer factors in
defining the cis-regulatory modules required
for driving developmental transitions.

Are TFs either pioneering versus
non-pioneering, or is it more informative
to consider TFs on a continuum of
pioneeringactivities?

M.L.B. TFs are very likely on a continuum of
pioneering activities, with some exhibiting
no pioneering ability at physiological levels.
Some TF DNA binding domains may have a
more favourable structure for binding DNA
on nucleosomes, such as a short recognition
a-helix®. Differences among members of a TF
class may lead to some being strong versus
weak nucleosome binders; for example, the
basic helix-loop-helix (-HLH) DNA bind-
ing domain of c-Myc seems to be too rigid to
bind nucleosomes onits own. By contrast, the
basic helix of the bHLH pioneer factor Ascllis
shorter, allowing for binding to nucleosomes.
Overall, different pioneer factors use differ-
ent DNA binding modes to bind nucleosomes
and recognize either the same or partial (or
degenerate) versions of the motifs that they

recognize on naked DNA?*?°, The different
properties of TFs that confer the ability to bind
nucleosomes remain unclear. One challenge
indelineating such featuresis that disordered
regions of pioneer factors, which are far less
understood than their DNA binding domains
and whose positions within nucleosomes are
not well-characterized, can contribute to
pioneer interactions with nucleosomes”.

J.T. The pioneering activity itself exists as a
continuum, whereby the concentration of the
factor has akeyimpact. Most TFs bind to their
10-15-bp motifs with higher binding energy
than a nucleosome binds to the same length
of DNA. As the nucleosome binds to a longer
sequence (147 bp), ahigh concentration of TFs
and/or multiple binding sites are stillneeded to
displace anucleosome®. There are both quan-
titative and qualitative differences in the way
individual TFs access nucleosomes. Pioneer
factors can bind to nucleosomes using multi-
ple different binding modes, including classi-
calend-edgebinding, periodic binding, dyad
binding, oriented binding and binding toboth
DNA gyres. An individual factor can access
nucleosomes using several of these modes.
However, because of steric hindrance, some
modes are unavailable to members of par-
ticular structural TF classes®. In those cases,
the binding mode utilization can be seenas a
qualitative rather than a quantitative feature.

K.S.Z. Many studies have shown that there
is arange of affinity of TFs for nucleosomes
invitroand arange of targeting nucleosomes
or closed chromatin in vivo. Furthermore,
point mutations thatalter pioneer factorinter-
actions with core histones affect their ability
to bind or open compacted chromatin'*?,
which clearly demonstrates that ‘pioneering’
is defined by nucleosome binding. On the
basis of a comparative analysis of the ability
of many TFs to bind nucleosomes and on struc-
ture studies, it seems that there are various
waysinwhich pioneer factorsbind to, interact
withand modify the nucleosome. Inthe future,
such assessments will be more useful to define
and classify pioneering.

J.D. Some TFs are clearly incapable of pio-
neer action; thus, it seems justifiable to think
of TFs in the binary context of pioneer ver-
sus non-pioneer factors. However, for TFs
with pioneer action, both genomic recruit-
ment strength, as assessed by ChIP followed
by sequencing (ChIP-seq), and the action
of pioneer factors appear as a continuum.
Genomic sites, such as enhancers, that are
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fully activated following pioneer action, tend
to be sites with strong genomic recruitment.
However, there are discontinuitiesin the spec-
trum of outcomes following pioneer recruit-
ment, with some strong (relatively speaking)
sites not being fully activated or, conversely,
relatively weak recruitment sites being fully
activated. These differences in response to
pioneer-triggered recruitment likely reflect
the contribution of the local environment
(meaning enhancer structure and its chro-
matin organization, as well as cooperating
TFs) to the process of chromatin opening. To
start, not asingle pioneer is known to be able
to, onitsown, conduct the process of enhancer
activation frominitiation to full activation. On
the contrary, there are numerous examples
where pioneer factors require the cooperation
of non-pioneer TFs for full enhancer activa-
tion and cell fate determination’. Although
thistype of dependency might affect the abil-
ity of pioneer factors to fully open enhancer
chromatinand lead to transcriptional activity,
it remains possible that pioneer factors may
suffice to initiate the process, leading to the
primed enhancer status. The multiple steps
involvedin pioneer action may represent many
interactions withother TFs and/or remodelling
activities that could explain discontinuities
in outcomes relative to pioneer recruitment
strength. This is exemplified in structure-
function studies of a few pioneer factors, in
whom mutations or differential splicing do
notaffect genomic recruitment but, nonethe-
less, hamper cell specification activity and
enhancer opening. For example, we recently
showed loss of melanotrope transcriptome
activation either by a natural isoform of the
pioneer PAX7 or by carboxy-terminal deletions
ofthe same pioneer: bothalterationsseemto
block relevant enhancers at the primed state
without preventing genomic recruitment®.

M.M.H. Our focus on the biological outcome
of pioneer factor function has led us away
from considering a binary classification and
towards a more nuanced view that includes
protein-intrinsic biochemical properties as
well as specific features of the cells in which
thefactor is expressed”. Withinaspecific cel-
lular context, pioneer factors are interfacing
withadistinctive chromatin environmentand
aunique suite of cofactors. It is evident from
numerous reports that both cellular features
have an impact on the ability of pioneer fac-
tors to access individual regions of closed
chromatin and to promote accessibility.
Although pioneering activity is influenced by
cellular context, there are concrete examples

of proteins that clearly function as pioneer
factors. For example, in the early Drosophila
embryo, Zeldais required to define hundreds
of cis-regulatory modules that drive wide-
spread genome activation. Although other
proteins are required for chromatin accessi-
bility at a small subset of loci, many studies
have demonstrated that Zelda and the DNA
motif it binds have a uniquely importantrole
inpromoting chromatinaccessibility, facilitat-
ing TF binding and driving this developmental
transition’**. Moreover, the initial discovery
ofZeldaas apioneer factor essential for activa-
tion of the zygoticgenomehasled totheiden-
tification of pioneer factor-mediated zygotic
genome activation in the early embryos of all
organismsstudied todate, including zebrafish,
frogs, mice and humans®?, Together, this sug-
gests that although it isimportant to recog-
nize that pioneer factors may not fall into a
category completely distinct from other TFs,
they possess properties that set them apart
from other factors and these properties are
regulated by their cellular context.

What is known about the context
dependency of pioneer factor activity?

M.M.H. Pioneer factor binding and function
are dependent on both the genomic and the
cellular contexts®****** Despite their abil-
ity to target closed, nucleosomally occupied
binding sites, pioneer factors do not bind to
all genomic instances of their target motif's.
Both chromatin structure and the location
of cofactor-binding motifs can regulate the
ability of pioneer factors to occupy specific
loci. Because chromatin structure and cofac-
tor availability are variable between cell types,
pioneer factors also have cell type-specific
patterns of binding and activity. In addi-
tion, tissue-specific features of the pioneer
factor (that is, post-translational modifica-
tions, levels of expression or expression of
distinct isoforms) may also contribute to
tissue-specific pioneer factor activity. Overall,
datafromstudies of multiple different pioneer
factors clearly indicate that epigenetic and
tissue-specific features regulate pioneer fac-
tor genomic occupancy as well as the ability of
the factor to promote accessible chromatin.

K.S.Z. Pioneer factors clearly exhibit cell-
contextbindingtotheirtargetsequences,show-
ing that stable binding involves interactions
with other proteins that were not previously
bound to asite until the pioneer factor ena-
bled such. By contrast, assessments of bind-
ing events that are below the threshold of

statistically called peaks show that pioneer
factors exhibit many more sub-threshold bind-
ing events than non-pioneer TFs'”***, perhaps
reflecting ascanning mode thatis less depend-
entuponthe cellular context. Pioneer factors
have varying abilities to target different forms
of silenced chromatin, marked by histone H3
trimethylated at K27 (H3K27me3), H3K9me3
or neither but compacted by linker histone?,
indicating how the chromatin environment
modulates pioneering.

J.D. Most pioneer factors seem unable to tar-
getsites within constitutive heterochromatin,
that is, heterochromatin that is enriched in
the repressive modification H3K9me3. For
example, in pituitary cells where the pio-
neer PAX7 specifies the melanotrope fate,
the well-documented myogenic target sites
of PAX7 are completely inaccessible (and
within H3K9me3-rich chromatin), and the
reverse is true of pituitary-specific sites in
muscle cells. Constitutive heterochromatin
is thus a barrier between very different cell
fates'®. Some pioneer factors, such as PAX7,
preferentially target closed chromatin that
isrelatively enriched in the repressive modi-
fication H3K9me2, which is associated with
facultative heterochromatin. Chromatin
compaction involves the linker histone H1,
and the level of H1 limits the strength and
onset of pioneer action®. It is displaced after
pioneer action, consistent with relaxation of
chromatin structure.

Of note, many pioneer factors exhibit large
(30-60%) subsets of genomic recruitment
sites (as measured by ChIP-seq) where their
presence does not seem to change chromatin
organization. Some have called these subsets
‘resistant™®, and they may reflect aninability to
initiate chromatin opening because of a bar-
rier, or the ability of pioneer factors to inter-
actwith heterochromatin components. Weak
chromatininteractions may servetoscanthe
genome?®®, and in some instances the under-
lying binding sites have low DNA sequence
conservation whereas in other instances
the underlying DNA sequences have similar
properties to subsets that are successfully
activated by the pioneer”. Resistant sites are
often not within H3K9me3-rich heterochro-
matin. Hence, other barriers to pioneer action
mustbeinvolved.

M.L.B. Contextdependenceisaveryinterest-
ing and not well-understood aspect of pio-
neer factors. Clearly, there is some form of
nucleosomal context dependence on pioneer
binding, as not all nucleosomes that contain
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aparticular DNA recognition sequence for a
given pioneer are occupied by that factor; for
example, looking at FOXA2 bindingto poten-
tial regulatory regions across three cell types
showed that only ~-6-13% of sites matching a
FOXA2 motifwere occupied by FOXA2 (ref.20).
One form of nucleosomal sequence context
dependence is that pioneer factors typi-
cally display some positional preference in
terms of where, within nucleosomes, they
bind: many TFs bind near the entry or exit
sites of nucleosomes (‘end binders’), some
bind periodically, a few have been reported
to be gyre spanning, whereas others bind at
or near the dyad™*:. (For most TFs that have
beenreported to bind at the ends of nucleo-
somes, it remains unclear whether they actu-
ally engage nucleosomal DNA bindingsites, or
whether they are binding to free DNA that is
transiently unwrapped fromthe histone core.)
Invitro binding selections of protein binding
to nucleosomes, based on the high-affinity,
synthetic ‘601’ DNA sequence® or those built
on completely randomized DNA" (which, in
practice, selects for DNA that has afavourable
sequence composition for stable assembly
intonucleosomes), have provided someinfor-
mationon how different factors canbindinthe
context of such nucleosomes; however, more
studies are needed to understand how the
genomic sequence context of nucleosomes
influences pioneer binding".

How do the dynamic properties of
chromatin affect the actions of pioneer
factors?

K.S.Z. Fluorescence recovery after photo-
bleaching and single-molecule tracking
studies of core histones have revealed that
all chromatin is dynamic, in terms of nucleo-
some mobility. Yet the same studies reveal a
range of dynamic mobility. For example, chro-
matin at the nuclear and nucleolar peripher-
ies is far less dynamic than at many sites
within the nucleus™. Early on, we found that
pioneer factors were dynamic in chromatin
but that their nucleosome affinity enabled
non-specific scanning of closed chromatin,
whereas non-pioneer factors were deficient
in this activity>". In a new study, we directly
compared the pioneer factors SOX2 and
FOXA1 and the non-pioneer factor HNF4A
regarding whether they target high-turnover
nucleosomes in vivo*. The data showed that
the non-pioneer factor HNF4 targets nucleo-
some regions thatare highly dynamic, whereas
most of the sites targeted by the pioneer fac-
tors turn over very slowly. During cell fate

changes, the ability toscansilent genesin less
dynamic chromatin seems crucial.

J.D. The dynamic nature of chromatin states
only adds different ‘flavours’ to the poorly
defined notion of ‘closed chromatin’. For
example, recent work® defined different
subsets of heterochromatin states associated
with the peripheral nucleoplasmor B compart-
ment: these subdomains, either defined by
physical measurements or through associa-
tionwith peripheral nuclear components such
aslamins, now present with better opportuni-
ties to define the so-called closed chromatin
states that may be permissive for pioneer
recruitment and action.

Furthermore, the compartmentalization of
chromatin domains into peripheral inactive
compartment B versus central nucleoplasmic
active compartment A places the context of
pioneeractionat discrete enhancer sequences
within the context of global compartment
switching observed for entire topologically
associating domains (TADs) following pioneer
action. Thisbegs the, so far unanswered, ques-
tionoftherelationship between local pioneer
action at enhancers and large domain (TAD)
compartment switching.

What are the key future directions and
unanswered questions in pioneer factor
research

K.S.Z.How do different pioneer factorsinter-
act with the histone octamer, and how do the
differentinteractionsleadtolocal chromatin
exposure and enable nucleosome remodeller
function? How do different pioneer factors
target different forms of silenced chromatin,
or heterochromatin? Can the ability to tar-
get a particular type of heterochromatin be
grafted from one pioneer factor to another?
Answers to these questions will help us create
hybrid factors that may be more efficient at
overcoming the chromatin barrier to induce
new cell fates.

M.L.B. Beyond positional preferences for
where pioneer factors bind within nucleo-
somes, some other context feature(s) —either
the presence of a cofactor(s) or, possibly, the
nucleosomal contextitself — mustbe regulat-
ing pioneer binding. Even the same genomic
binding site for a given pioneer may be
occupied differentially across cell types, as
was seen for FOXA2, whose binding across
three cell types was found to be mostly cell
type-specific’®. There are many potential
sources of cell type-specific pioneer binding.

In vitro binding to synthetic nucleosomal
sequences based on the high-affinity ‘601’
modelsequence template showed that OCT4
alone bound more preferentially to the entry
or exit site in one half of the nucleosomes,
whereas OCT4 and SOX2 together bound
approximately symmetrically across the dyad
axis, in a strongly cooperative manner™.

Wearejust beginning toscratch the surface
of what controls pioneer binding to nucleo-
somes. Inaddition to cofactors, which may be
expressed in a cell type-dependent manner,
epigenomic features of nucleosomes canalso
differ across celltypes and their rolesinregu-
lating pioneer binding have been essentially
unexplored.Inarecentstudy, the DNAbinding
domain of OCT4 wasfound tointeract with the
amino-terminal tail of H3, and, intriguingly,
the post-translational modification H3 acety-
lated at K27 (H3K27ac) was found to increase
OCT4 binding to more internal sites on the
nucleosomes and to enhance OCT4-SOX2
cooperative binding to nucleosomes”. These
results suggest that a broad set of histone
post-translational modifications may be an
additional axis in the multidimensional condi-
tion space modulating TF binding to nucleo-
somes. My group is working to understand
whichsequence and epigenomic context fea-
tures of nucleosomes influence binding by
various pioneer factors.

J.T. To me, the most interesting future direc-
tions are elucidating the sequence of events
leading to opening of chromatin at dif-
ferent scales and understanding how TF-
nucleosome interactions define local and
megabase-scale chromatin states. | am also
particularly interested in how pioneer factors
can alter the higher-order chromatin state to
make regions of chromatin accessible to the
large macromolecular complexesinvolvedin
transcription (many TFs are relatively small,
<5 nmindiameter, whereas the Mediator-RNA
polymerase Il complexis very large at >20 nm
in diameter)*°.

It is clear that to be a pioneer factor, a TF
mustbe ableto recognize its motif on nucleo-
somal DNA. Some factors such as SOX2 can
destabilize the nucleosome by their binding
energy”, but keeping chromatin openin vivo
is still a dynamic process requiring continu-
ous activity of chromatin remodellers*"*2,
Our knowledge is thus at the level where we
have example cases and understand some
high-level processes, but at the same time we
lack almost completely the ability to predict
how sequence determines TF binding and
the chromatin state. In other words, we have
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conceptualunderstandingbut lack predictive
understanding. We do not even know the full
complement of pioneer factors in any organ-
ism, let alone all their affinities to all DNA
sequences in the presence and absence of
nucleosomes. We also do not understand how
heterochromatin features such as linker his-
tones and HP1affect TF binding. Much remains
tobe understood also at the conceptual level —
our picture of cells is often that of the steady
state, and very little is currently known about
thesequence ofeventsthatisinitiated after the
binding of pioneer factors, and how the dif-
ferent binding modes could affect these pro-
cesses. For example, it is plausible that TFs
with different binding modes could have dif-
ferent functions, for example, the oriented
mode could define the border between open
and closed chromatin, and theendbinding and
dyad binding modes could help stabilize some
nucleosomes at very specific genomic posi-
tions. Insummary, current evidence indicates
thatthereisaveryrichinteractionlandscape
between TFs and nucleosomes, much of which
remains uncharacterized. I am very excited
about the overall field and believe that many
ground-breaking discoveries await us.

J.D. The foremost obvious question with
regards to pioneer action is the nature of
the chromatin environments that are either
permissive or restrictive to their action.
Another important question is whether all
pioneer factors share similar properties with
regards to their permissive chromatinenviron-
ments. Could differences in this chromatin
permissiveness be a basis for a hierarchy of
pioneer factors defined by their differential
access to different chromatin types? And
could this define different steps in cascades
of tissue specificationin early development?

With regards to the mechanism of action,
the key question is clearly to define the mini-
mal process triggered by pioneer factors fol-
lowing their recruitment to closed chromatin
sites. Some recent work’® defined two steps
in this process, with the first involving bio-
chemical actions whereas the second step
requires the passage through cell division and
its role in nuclear compartment switching.
In this model, what would be the minimal
requirement to trigger the process?

As pioneer factors implement epige-
netic memory, what is required to maintain
this memory, and what is the chromatin
status of enhancers in the memory state?
Furthermore, what could be the mechanisms
to reverse this memory state or the action of
pioneer factors? It is well-documented that

in addition to opening new enhancer reper-
toires, pioneer factors participate in repres-
sion of alternate cell fates: we know little
of the pioneer-associated mechanisms for
repression of alternate cell fates.

M.M.H. There remain many exciting, unan-
swered questions regarding pioneer factors.
These include identifying the barriers to
both genome occupancy and activity. It will
be important to address how these barriers
regulate the tissue-specific functionality of
pioneer factors and how dysregulation of pio-
neer factorslead to disease. Many studies have
focused on the unique aspects that enable pio-
neer factors to engage closed chromatin, but
itisalso critical to determine how this binding
resultsinachangein chromatin state. Mecha-
nisms may differ for individual factors; but
giventhatnotall pioneer factor-bound regions
become accessible, this represents another
importantaspect of regulation. Additionally,
recent breakthroughsinlive-cellimaging have
made it apparent that TF binding to chroma-
tinis relatively transient, and that many fac-
torsare non-uniformly distributed within the
nucleus. Futureresearchinto the domains that
regulate binding dynamics and subnuclear dis-
tribution will help shed light on the functional
importance of the subnuclear distribution of
pioneer factors. Ultimately, these studies will
have implications in understanding how pio-
neer factors regulate both thelocal chromatin
environmentand the broader structure of the
genome within the 3D space of the nucleus to
regulate gene expression networks.
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