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Abstract

Cells utilize precise mechanisms to access genomic DNA with spatiotemporal accuracy. ATP-
Dependent Chromatin Remodeling Enzymes (also known simply as “remodelers™) comprise a

specialized class of enzymes that is intimately involved in genomic organization and accessibility.
Remodelers selectively position nucleosomes to either alleviate chromatin compaction or achieve
genomic condensation locally, based on a multitude of cellular signals. By dictating nucleosome
position, remodelers control local euchromatic and heterochromatic states. These activities govern
the accessibility of regulatory regions like promoters and enhancers to transcription factors, RNA
polymerases, and co-activators or -repressors. As studies unravel the complexities of epigenetic
topography, evidence points to a chromatin-based interactome where regulators interact
competitively, cooperatively, and/or co-dependently through physical and functional means. These
types of interactions, or crosstalk, between remodelers raise important questions for tissue
development. Here, we briefly review the evidence for remodeler interactions and argue for
additional studies examining crosstalk.

Introduction

The hypothesis that the epigenome contains a readable language of DNA methylation, post-
translational modifications to unstructured histone tails, and multi-dimensional chromatin
boundary elements has dramatically improved the understanding of chromatin regulation by
stimulating careful analysis of previously unappreciated epigenetic details [1]. Regulation of
gene subsets by epigenetic features can dictate cellular transitions (i.e. proliferation, potency,
differentiation) and drive de novo tissue development with distinct epigenomic signatures
[2]. Within the context of the epigenome, remodelers have emerged as critical regulators of
developmental programs [3].

There are four major subfamilies of remodelers (SWI/SNF, INO80, ISWI, and CHD). All
are considered derivatives of the SNF2 ATPase family (Figure 1). Each remodeling complex
contains a single catalytic ATPase that utilizes ATP hydrolysis to achieve the energy-
intensive modulation of chromatin (Figure 1, parentheses). Notably, several remodelers
utilize multiple ATPases via mutually exclusive relationships (Figure 1; SWI/SNF, NURD).
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Mutual exclusivity is not limited to the ATPase subunit, as each remodeling family contains
several positions within the complex that can be filled by mutually exclusive proteins.
Additionally, remodelers can utilize the same accessory subunits even across family and
subfamily classifications (Figure 1). The fact that remodeler components form distinct
biochemical complexes on the basis of ATPase inclusion and accessory subunit
incorporation is one of the most intriguing topics in remodeler biology. The compositional
similarities between remodelers may implicate the complexes in direct relationships via
cooperative or competitive means. Likewise, it is probable that variation in composition
between remodelers is indicative of functional heterogeneity across remodeler subfamilies.
However, limited knowledge on the biological functionality, locus-specific assembly, and
regulatory crosstalk of remodelers exists to date. These topics are of central importance to
the biomedical community given the broad implications for understanding gene regulation
through epigenetic mechanisms.

Remodeler ATPases are engines to the nuclear machines. They are archetypal subunits
around which each remodeling complex is assembled, and are evolutionarily conserved
across eukaryotes indicating their essential contribution to life. They hydrolyze hundreds of
ATP molecules per minute to facilitate nucleosome sliding, histone variant exchange, and
promoter clearance on a genome-wide scale [4]. They also contain additional functional
domains that direct their function. For example, the predominant ATPase-containing subunit
of SWI/SNF, BRG1 (encoded by the SMARCA4 gene in humans), contains a carboxy-
terminal bromodomain that targets acetylated lysines on exposed histone tails, thereby
promoting activation of transcription [5]. As each remodeler ATPase contains an essential
SNF2 ATPase domain as well as conserved domains that promote specific activities of the
remodelers, they are the subject of intense investigation.

In addition to the ATPase, each complex also contains multiple protein subunits that
facilitate the assembly and action of each remodeling machine. The BPTF subunit of the
NURF complex in the ISWI subfamily, for example, deposits trimethylation on lysine 4
residues of histone 3 (H3K4me3), a hallmark of chromatin priming that establishes local
euchromatin and recruits transcriptional activators [6]. Deposition of H3K4me3 allows the
NURF complex to dramatically alter the chromatin state of specific targets through both
chromatin remodeling and post-translational modification of histones [7]. This bridging of
chromatin remodeling and chromatin modifying activities is common in chromatin
remodeling complexes. In comparison to the H3K4me3 deposition by the NURF complex,
the NURD Complex in the CHD subfamily contains multiple histone deacetylases (HDAC1,
HDAC?2, HDAC3, HDACS) that enable the complex to deacetylate histone tails and compact
nucleosome arrays [8]. The counteracting activities of the NURF and NURD Complexes are
representative of differing functions between remodelers as well as the importance of non-
ATPase subunits in directing remodeler function. The canonical compositions and activities
of each remodeler subfamily have been reviewed extensively and biochemically-derived
maps of complex-members have been defined [9], [10], [11], [12], [13]. Yet we still know
surprisingly little about the biological function of many proteins that co-purify with the
complexes. Because each remodeler contains numerous accessory subunits that have
undefined biological roles and it is likely that each confers a functional advantage to the
complex(es) they associate with, we project that current knowledge on remodeler
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compositions and interactions underestimates the diversity of activities within remodeler-
class epigenetic regulation /n vivo.

New evidence indicates remodelers co-localize to a large proportion of the mammalian
genome and directly compete or cooperate [14]. Studies on remodeler co-dependencies
indicate remodelers may antagonize one another for promoter occupancy and locus control
in yeast and mammals [15], similar to the counteracting remodeling exhibited by the NURF
and NURD complexes. Additionally, extensive studies have revealed unexpected
stochasticity in non-canonical assemblies of remodeler components in developmental and
pathological contexts [16], [17], [18], [19], [20]. To gain a comprehensive understanding of
remodeler-class regulatory activities, it is necessary to examine current data that implicate
remodelers in an interdependent and dynamic network genome-wide. As we learn more
about the abundance and significance of interactions between remodelers, the consequences
for gene regulation, cell differentiation, and tissue development are immense. Such
functional crosstalk between remodelers is the focus of this essay.

Remodeler Localization Genome-wide

Despite longstanding evidence from genetic experiments that remodelers perform specific
functions throughout the genome [21], [22] there are new indications that remodelers engage
in dynamic functional interactions. This unexpected result has shaped recent outlooks on
chromatin biology in development by challenging biochemically-derived molecular
structures and predictions on remodeler functionality. These insights reveal genomic
crosstalk occurs on an unprecedented scale.

Extensive work has identified that the SWI/SNF complex localizes to active genomic
elements [23], [24]. In one particular study, multiple subunits of the SWI/SNF complex were
mapped genome-wide [24]. In addition, all interactions associated with the SWI/SNF
complex were analyzed by mass spectrometry. Together, these data showed the full genome-
wide and proteome-wide interactions carried out by the canonical SWI/SNF complex. While
this work provides a valuable baseline for the genomic occupancy and the interacting
partners of the SWI/SNF complex, variable subunits within the complex have not been
mapped. Future work analyzing the various biochemically distinct forms of SWI/SNF and
other chromatin remodeling complexes is needed to understand the functional and
phenotypic diversity of these remodelers.

The localization of SWI/SNF components to regulatory positions throughout the genome
aligned with previous findings that targeted mutations in remodelers cause dramatic
phenotypes. Murine embryos lacking the Brgl subunit of SWI/SNF fail to complete the
perimplantation stage of development, for example [22]. However, investigations of
remodelers from different families have confounded the assumption that mutagenic
phenotypes arise in part by unique genomic localization. ChlP paired with high-
throughouput sequencing (ChlP-seq) for the catalytic subunits of SWI/SNF, ISWI, and CHD
subfamilies revealed that these distantly related remodelers co-localize across the genome
with a high frequency [14]. Intriguingly, disruption of the complexes led to unique
chromatin organization phenotypes according to nucleosome mapping techniques. Therefore
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despite co-localization, remodelers perform non-redundant roles in regulating genomic
packaging. The regulation of this activity does not appear to be at the level of genomic
occupancy, leaving a major unanswered question of how remodelers that bind similar
regions and presumably modulate overlapping genes sets exhibit different phenotypes.
Resolution of DNA binding by remodelers may obscure interpretations given the inability to
accurately distinguish subtle variations using current technologies. One exciting alternative
is that remodelers engage with local epigenetic cues after binding chromatin, resulting in
dynamic regulation of remodelers despite similar targeting preferences.

One interesting scenario to evaluate crosstalk between remodelers would be to test the
regulatory activities of closely-related complexes. Examining the genomic localization
preferences and gene expression control by complexes that are biochemically-similar would
clarify the biological functionality of biochemically-discrete remodelers. For example, the
ARID1A and ARID?2 subunits of SWI/SNF do not simultaneously appear in biochemical
extractions of the SWI/SNF complex in vitro [25]. Each ARID (AT-rich interacting domain)
associates with discrete configurations of SWI/SNF, known as BAF (ARID1A) and PBAF
(ARID2), and is required for promoter targeting by the intact complex [26]. It is likely that
ARID1A and ARID?2 target discrete loci to facilitate unique cellular programs for the two
SWI/SNF configurations. However, given the co-occupancy of genomic sites by remodelers
from different families it is possible that ARID1A and ARID2 containing complexes also
co-occupy binding sites. ARID1A and ARID2 may target the same loci at different times,
utilizing SWI/SNF subunits to target similar features but unique ARID subunits to achieve
different regulatory results. We hypothesize that given their overlapping, yet distinct subunit
compositions, BAF and PBAF exhibit both competition and cooperation with one another in
their function as regulators of gene expression (Figure 2).

Currently, genomic co-localization by remodelers is best attributed to transient interactions
at sites of nucleosome-depleted chromatin [24], [14], [27]. We propose that co-localization
may serve a more specific purpose. Subunit-sharing between independent remodeling
complexes could contribute to genomic targeting preferences by remodelers, where
chromatin targeting by remodelers is dependent on direct cooperativity between
counteracting or co-acting remodelers. Moreover, we predict that observed co-localization
reflects that remodelers conduct separate regulatory functions throughout the genome and
therefore allows cells to personalize their expression profiles based on local stimuli and
epigenetic cues.

Accessory Subunits in Remodeler Activities

Given the mutual exclusivity of some remodeler factors and the similar localization patterns
of evolutionarily divergent remodelers, the most elusive feature of remodelers to-date
pertains to their functional composition /7 vivo. From glycerol gradient purifications and
mass-spectrometry, each complex has been stringently purified to identify stable associates.
SWI/SNF subfamily members are comprised of 8-15 subunits, INO80 subfamily members
have up to 18 subunits, while ISWI and CHD have fewer ranging between 3-4 and 1-11
subunits, respectively [28]. Identifying if and when functional variations of these canonical
complex compositions exist /n vivo has been more challenging.
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In addition to compositional heterogeneity, some remodelers like the INO80 and SWR
complexes exhibit structural modularity [29]. Each complex exists in two states, one
elongated form and a compressed form. Presumably, these different forms represent
captured states of the complexes mid-remodeling, in accordance with the “hinge” hypothesis
where the remodeler stretches to target the nucleosome then bends to embrace and mobilize
it [30], [29]. The extent of structural modularity within remodeler families is not known,
despite several crystal structures that indicate nucleosome targeting is a predominant feature
of remodeling complexes [31], [32], [33], [34]. Likewise, there is currently limited
knowledge on the functionality of biochemically-defined complexes. High-resolution
genomic mapping of SWR and INO80 complexes in yeast identified nucleosomal targeting
preferences of 20 subunits from the two complexes in total [35]. But each complex has been
typically studied from the perspective of only one or two subunits in functional settings,
leaving many of the accessory subunits with limited characterization. The gap in our
understanding of the functional assemblage of complexes, particularly in higher eukaryotes
or single cells, has left the roles of the accessory subunits largely undefined.

Several studies have recently provided intriguing hypotheses on the utility of lesser-known
subunits. One well-supported hypothesis is that unique combinations of SWI/SNF subunits
create distinct complexes, each with a different functional role. Namely, the degree of
heterogeneity within SWI/SNF suggests accessory subunits perform essential and diverse
functions. For example, SWI/SNF factor BAF53A (encoded by ACTL6A in humans) is
replaced by BAF53B (encoded by ACTL6B) upon differentiation of neuronal progenitors to
neurons in mammals [16]. The subunit “switch” is essential for cells to complete cell lineage
specification. Genetic mutations in BAF53B lead mice to acquire defects in synaptic
plasticity and long-term memory suggesting BAF53B is systematically essential for the
activities of mature neurons [36]. Similar phenotypes have been observed in hematopoietic
and embryonic tissue types where constitutive BAF53A expression is required for
repopulating cells but insufficient for differentiation [37], [38].

Identifying the activities of accessory subunits could be key to unlocking remodeler
specification /n vivo. In several developmental systems, evidence suggests specific SWI/SNF
assemblies drive cell lineage choices in development [23], [39], [18], [20], [17] or cell
lineage abandonment in malignancy [40]. This evidence implicates accessory subunits as
central players in remodeling activities. In development, subunit-exchanges by discrete
remodelers are dictated by expression. The mechanism is likely more complex in cancer
where remodeler components are ubiquitously expressed. Mutations in a single complex
member likely allow chromatin remodeling activity by other forms of the complex in ways
the are important for tumor formation and cancer proliferation. To understand physiology
and pathophysiology, the roles of subunits that exist in multiple remodeling complexes and
families should be clarified. We advocate for common subunits to be extensively
characterized in order to clarify their role in remodeler-class crosstalk.

Intriguingly, BAF53A stably associates with many SNF2 remodelers. SWI/SNF, INO8O,
TIP60, and SRCAP Complexes all contain BAF53A as a core subunit [9]. Therefore
assigning developmental phenotypes to any single BAF53A-containing remodeler is
problematic because genetic manipulation of BAF53A would affect numerous activities of

Curr Top Dev Biol. Author manuscript; available in PMC 2018 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Runge et al.

Page 6

the other remodelers. Notably, BAF53A has been extensively studied in the context of the
INO80 Complex. /n vitro, BAF53A has been shown to be required for efficient DNA-
dependent ATPase activity, histone targeting, and nucleosome mobility of the INO80
Complex [41], [42]. In addition, BAF53A forms a distinct structural module within the
INO80 Complex composed of B-actin and the actin-related protein ACTR8. This module has
a high affinity for the helicase-SANT-associated (HSA) domain within the INO80 ATPase
indicative of a stable and evolutionarily conserved interaction [43]. SWI/SNF ATPase BRG1
also contains an HSA domain with BAF53A preference. Loss of either BAF53A alone or the
BAF53A-B-actin-ACTR8 module is not required for the remodeling activities of the INO80
Complex, but greatly enhances them [41], [43]. Therefore it is likely that BAF53A acts in
concert with the additional remodeler subunits to maximize the biological efficiency for
nucleosome eviction and placement, perhaps by increasing the targeting efficiency of the
complex to specific epigenetic features where remodeling is necessary. In such a scenario,
the subunit “switch” to BAF53B may facilitate a different targeting preference for SWI/SNF
thereby enabling expression of differentiation-specific genes (Figure 3). Little is known
regarding the protein domains within BAF53A but clarification of its ability to be modified
structurally or functionally may provide insight into its incorporation into specific
remodeling complexes and its preference for histone epitopes. While the exact functions for
BAF53A in the other SNF2 remodelers have not been clarified, it is probable that BAF53A
serves a unifying feature among BAF53A-containing SNF2 remodelers that makes them
functionally cooperative and competitive.

Other subunits are shared between remodelers. The helicases RUVBL1 and RUVBL?2
(RUVBLs) exist in INO8O, TIP60, and SRCAP yet their remodeling-related functions are
largely unknown, due in part to the fact that the RUVBLSs promiscuously participate in non-
remodeling activities through the Fanconi Anemia complex [44] and in snoRNP assembly
[45]. Assembly of INO80 and TIP60 has been shown to be dependent on the RUVBLs [46],
[47]. In addition, RUVBLSs enhance the DNA binding ability of YY1, a transcription factor
that canonically associates with INO80 [48]. This evidence suggests that the RUVBL
proteins are required members of remodeler assemblies that exist to enhance binding
efficiency and specification at epigenetic docking sites, similar to BAF53A. As with
BAF53A, understanding the recruitment and action of accessory subunits like the RUVBLS
within remodeling assemblies will be essential to clarifying their precise function in the
context of chromatin remodeling and gene regulation.

Recent data on remodeler interactions, cooperation, and functional heterogeneity of
remodeling complexes suggest there is likely a diversity of remodeler compositions /n vivo.
Emerging genome-wide studies of remodeler assemblies will improve our understanding of
the range of functional compositions that remodelers form. We anticipate that intra-family
and inter-complex variation exists to provide cells maximal plasticity to regulate gene
expression rapidly and effectively. Biochemical purifications of remodelers inform our
understanding of remodeler compositions, and are informative at the cell population level.
However, at an individual locus and a single point of time, the combinatorial assembly of
proteins from a diverse set of subunits may yield unique function on a locus-specific scale.
Highlighting the different functions of unique compositions of chromatin remodeling
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complexes will be key to understanding the many roles of these complexes in gene
regulation.

Conclusion

Faithful regulation of chromatin allows cells to maintain control over nucleosome position
and gene expression. Because remodelers intimately interact with the genome to participate
in chromatin regulation, their study is essential to understanding the dynamic epigenetic
landscape as it pertains to genomic organization, integrity, and gene expression. As we
currently understand only a fraction of the complexity that exists to modulate the
epigenomic landscape /n vivo, the study of remodelers, their interactions, and their
components will provide important steps to clarify emergent questions of genomic
regulation. The critical role of these complexes in development and disease highlight the
necessity of understanding crosstalk within, and between, chromatin remodeling families.
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Figure 1. SNF2 AT Pase Chromatin Remodeling Enzymes
Representative diagram of ATP-Dependent Chromatin Remodeling Families. Families are

designated by white boxes. Specific remodelers are represented as circles. Catalytic ATPases
for each remodeling complex are indicated in parentheses. Subunits that incorporate into
multiple complexes are identified by curved lines. Notably, the ISWI family includes
additional complexes not depicted here (NoRC, RSF, WICH).
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Figure 2. SWI/SNF inter actions genome-wide
Putative functional interactions between SWI/SNF subcomplexes. Illustrations demonstrate

competitive or cooperative genomic binding and gene regulation by SWI/SNF complexes
that share regulatory components.
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Figure 3. Role of Accessory Subunitsin Remodeler Localization
Predicted remodeler localization preferences based on subunit composition. We hypothesize

that BAF53A-containing complexes utilize the histone-binding subunit to target similar
epigenetic features. Similarly, we hypothesize that subunit switching from BAF53A to
BAF53B in SWI/SNF in cell lineage specification serves to re-localize SWI/SNF to sites
that require expression at specific cell-lineage timepoints.
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