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Abstract

The nuclear actin-related proteins (ARPs) share overall structure and low-level sequence homology
with conventional actin. They are indispensable subunits of macromolecular machines that control
chromatin remodeling and modification leading to dynamic changes in DNA structure, transcription,
and DNA repair. Cellular, genetic, and biochemical studies suggest that the nuclear ARPs are
essential to the epigenetic control of the cell cycle and cell proliferation in all eukaryotes, while in
plants and animals they also exert epigenetic controls over most stages of multicellular development
including organ initiation, the switch to reproductive development, and senescence and programmed
cell death. A theme emerging from plants and animals is that in addition to their role in controlling
the general compaction of DNA and gene silencing, isoforms of nuclear ARP-containing chromatin
complexes have evolved to exert dynamic epigenetic control over gene expression and different
phases of multicellular development. Herein, we explore this theme by examining nuclear ARP
phylogeny, activities of ARP-containing chromatin remodeling complexes that lead to epigenetic
control, expanding developmental roles assigned to several animal and plant ARP-containing
complexes, the evidence that thousands of ARP complex isoforms may have evolved in concert with
multicellular development, and ARPs in human disease.
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1. Introduction

The nuclear actin-related proteins (ARPs) were first discovered in the early 1990s, but their
central role as components of chromatin remodeling and modifying machines has emerged
only recently. Various studies in yeast, animals, and plants reveal that nuclear ARPs are
essential to the epigenetic control of chromatin structure. Nuclear ARP-dependent epigenetic
controls participate in DNA repair, chromosome segregation, and gene expression, which in
turn regulate the cell cycle and cell proliferation, phase transitions in development, and
senescence and programmed cell death (PCD). In plants and animals, these processes are at
the heart of multicellular tissue and organ development. Due to the combinatorial complexity
of the numerous subunits of these chromatin complexes, the nuclear ARPs may participate in
hundreds if not thousands of different complex isoforms, with the potential to evolve novel
activities essential to the macroevolution of new tissues and organs. Nuclear ARP-containing
machines are involved in an organism’s responses to environment, diet, and age, which are
known to be key factors in the onset of numerous human diseases. In this broad context, we
have attempted to review the evolution and functions of the nuclear ARPs in regulating cell
and organismal development.
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2. Nuclear ARPs as Epigenetic Factors

2.1. Structural and sequence identity

The ARPs share limited sequence identity with conventional actins, but they appear to maintain
the actin-fold, a potential nucleotide-binding pocket and hinged structure that enables a
conformational change in actin family members. Eight to ten ancient classes of ARPs are found
in most eukaryotes that have been examined, and all appear to participate in protein complexes
(Chen and Shen, 2007; Muller et al., 2005). A subset of the more divergent ARPs can be
identified in most eukaryotes as homologues of yeast Arp4, Arp5, Arp6, and Arp8, which are
found primarily in the nucleus (Harata et al., 2000; Kandasamy et al., 2003; Shen et al.,
2003b). The predominantly nuclear localization distinguishes them from actin or Arp2 and
Arp3, which are detected in the nucleus, but are primarily concentrated in the cytoplasm and
participate in cytoskeletal functions (Harries et al., 2005). None of the nuclear ARPs are known
to form polymers such as F-actin microfilaments or the short filaments formed from ARP1 and
ARP10 in the centractin complex (Eckley and Schroer, 2003). Instead, nuclear ARPs act as
essential subunits of macromolecular machines controlling chromatin dynamics with
subsequent effects on transcription and DNA repair.

2.2. Exclusive function in chromatin remodeling and modifying machines

The only functions demonstrated for nuclear ARPs are as subunits of chromatin remodeling
and modifying complexes (Chen and Shen, 2007). Specifically, ARP-containing remodeling
complexes are responsible for nucleosome phasing and movement and exchange of histone
subunit isovariants within nucleosomes (nucleosome remodeling (NR) complexes). ARP-
containing chromatin modification complexes direct posttranscriptional modifications to
histone amino acid residues such as the acetylation or methylation of lysine residues. The
dynamic activities of chromatin remodeling and modifying complexes serve a basal regulatory
function by reinforcing or alleviating the nucleosomal suppression of transcription that affects
most genes due to the extreme compaction of DNA in nuclei or nucleoids (Yuan et al., 2005).
Conversely, because there is only room for a small fraction of any genome to be in an open
chromatin conformation and transcriptionally active at any one time, chromatin remodeling is
a dynamic process necessary to unfold and refold various loci throughout the cell and
developmental cycles of the organism. Although most of these chromatin activities appear
global in nature, the nuclear ARPs may also exert more precise epigenetic control over the
activities of particular regulatory genes that have an overriding influence on cell and organ
ontogeny or on the response to environmental stress (Jonsson et al., 2004; Meagher et al.,
2007; Oma et al., 2003; Wu et al., 2007).

2.3. Distinguishing genetic from epigenetic controls

For most of the last century, it was presumed that only genetic mutation provided the variation
acted on by natural selection and neutral drift, thus leading to the evolution of new organisms
and new structures within organisms. After the 1960s, with the knowledge that regulatory genes
encode transcription factors that act on specific DNA-binding motifs, a more defined molecular
genetic model emerged. Such interactions between transcription factors and cis-DNA elements
produce linear or branched information cascades that directly control a few to dozens of genes
and subsequently development. Mutations in these sequences are then acted on during
evolution. However, as the gene compositions of multicellular plants and animals were
determined, it became increasingly difficult to explain the significant physical differences
among organisms and their rapid rates of morphological change from common ancestors as
resulting only from gene duplications and mutant alleles affecting linear pathways of
developmental control.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2010 January 2.
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There were problems with this simple gene and cis-element mutation model for morphological
evolution. If chimpanzees have the same genes and nearly identical protein sequences as
humans (Kehrer-Sawatzki and Cooper, 2007; Wilson and Sarich, 1969) and if the
Tetraodontoid fish, Fugu rubripes, has a similar gene composition as mammals (Aparicio et
al., 2002), how do we account for the remarkable diversity of organisms and organ structures
that evolved within chordates and vertebrates over the last 650 million years? Similar questions
are asked about plant genomes and the rates of plant morphological evolution for the last 600
million years, since vascular plants evolved from common ancestors with moss. Again, the
rapid rates of morphological evolution and macroevolution in higher plants and animals far
out strips the observed rates of gene duplication, mutation, and evolution of new protein
sequences. Regulatory genes and DNA motifs may accumulate mutations at slightly faster rates
than structural genes (Elango et al., 2008), but probably not fast enough to fully explain these
rapid changes in morphology. This dilemma is at least partially addressed by the view that
natural selection may be acting on mutations in epigenetic control systems that network
chromatin structure and gene expression. Mutations in a single epigenetic factor can alter the
expression of thousands of genes in multiple gene networks and can have widely varied and
pleiotropic consequences on phenotype in yeast, plants, or animals (Meagher et al., 2005;
Morgan et al., 1999; Roux-Rouquie, 2000; True et al., 2004). Epigenetic control adds a level
of complexity to the inter regulation of gene activities that is now widely recognized as essential
to multicellular development and macroevolution.

2.4. The nuclear ARPs are epigenetic factors

The majority of epigenetic controls are exerted by changes to chromatin structure leading to
alterations in gene expression. As mentioned earlier, the nuclear ARP-dependent modifications
of chromatin include histone modifications and NR. These activities contribute to “epigenetic
control” of cell development, a phrase that David Nanney used to define “inherited differences
between two cells that are not due to changes in DNA sequence” (Haig, 2004; Nanney,
1958). Nanney’s definition of epigenetic control and the roles we infer for nuclear ARPs applys
to two differentiating yeast or protozoan cells that have divided, just as well as it does to two
differentiating cells within a mammalian limb bud, insect imaginal disk, or plant organ
primordia. Nuclear ARPs also function in the epigenetic control of chromosome segregation
and DNA repair (Minoda et al., 2005). Therefore, most of the direct functions of nuclear ARPs
fit within this definition making them fundamental if not essential factors in epigenetic control.

However, the indirect roles of nuclear ARPs in the regulation of pathways of multicellular
development also fit a slightly older definition of epigenetics as “the interactions among cells
and cell products that lead to morphogenesis and differentiation” (Haig, 2004; Waddington,
1957). Waddington focused on defining the inherited differences and interactions among cells
of a differentiating multicellular organ. This definition of epigenetics particularly takes into
account the interactions and networking of information that results from diffusible signaling
molecules moving between subsets of cells in an organ primordia. While nuclear ARPs do not
diffuse between cells or act as receptors themselves, their chromatin activities are associated
with the differential expression of many genes in receptor-mediated intracellular signaling
pathways directing plant and animal organ development (Mehler, 2008b; Walley et al., 2008;
Williams and Fletcher, 2005). Furthermore, most scientists today do not include this concept
of signals diffusing between cells as part of modern epigenetics. Waddington’s definition of
epigenetics also does not encompass the role of nuclear ARPs in chromosome segregation or
DNA repair, in generational epigenetic inheritance, or in inheritance of epigenetic differences
between dividing single cell fungi or protists.

While Nanny and Waddington had intimate familiarity with particular protist and mammalian
models of development, yeast emerged early as model genetic system to dissect mechanisms
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of epigenetic control (Pillus and Rine, 1989). Shortly after the discovery of the nuclear ARPs,
mutants in yeast ARP4 (originally Act3b) were isolated as suppressors of an epigenetic reporter
his4o-ADE2 (Jiang and Stillman, 1996). ARP4-defective yeast containing this reporter in an
ade2™ background show reversible and stochastic changes in the morphology of colored sectors
of cells within single yeast colonies, red to white and back to red as shown in Fig. 5.1. The
his4¢ promoter contains an insertion ¢ (Fig. 5.1C) separating the HIS4 gene’s transcriptional
enhancers from its TATA box (Fig. 5.1B) rendering the his4o-ADE2 gene inactive “Off” in a
wild-type yeast background. The cells produce red pigment when the reporter is inactive
because they are still ade2™. In ARP4-defective yeast cells, the variegated colony color results
from stochastic reversible modifications to the chromatin structure of the his49-ADE2 promoter
turning the gene “On” (white cells) and “Off” again. By the model shown in Fig. 5.1C, in the
arp4~ background, changes occur to chromatin structure that allow the HIS4-enhancer to
interact with the HIS4-TATA sequence turning “On” ADE2. The results of this study
demonstrate that ARP4’s activities are involved in epigenetic control and not classical genetic
control. In another more widely known example of loss of normal epigenetic control, stochastic
changes to Drosophila eye color result from position effect variegation of white gene
expression (Csink and Henikoff, 1996; Henikoff, 1979). The yeast colony color and eye color
phenotypes highlight the stochastic changes in gene expression often associated with epigenetic
defects. All the activities discovered so far for nuclear ARPs and their constituent remodeling
complexes involve making transient changes to chromatin structure and are consistent with
ARPs being defined as factors in epigenetic control.

3. Evolutionary Origin and Phylogeny of Nuclear ARPs

3.1. A class of nuclear proteins

3.1.1. ARP localization to the nucleus—Considering the decades of research on
conventional actin as a cytoplasmic cytoskeletal protein, it was at first surprising to find a class
of ARPs had evolved activity in the nucleus. Yeast ARP4 (ACT3b) was the first ARP to be
found localized to the nucleus (Weber et al., 1995), followed closely by Drosophila ARP4
(Frankel et al., 1997), two isovariants of human ARP4 (Baf53A and Baf53B) (Harata et al.,
1999a), and Drosophila and vertebrate ARP6 (Kato et al., 2001; Ohfuchi et al., 2006). Harata
et al. (2000) delineate and define the entire class of nuclear ARPs by showing that yeast Arp5,
Arp6, Arp7, Arp8, and Arp9 are also localized to the nucleus, while fungal Arpl, Arp2, Arp3,
and Arp10 are predominantly in the cytoplasm (Eckley et al., 1999; Zhang et al., 2008). We
have shown that Arabidopsis ARP4, ARP5, ARP6, ARP7, and ARP8 are also localized to the
nucleus as illustrated in Fig. 5.2 (Deal et al., 2005; Kandasamy et al., 2003, 2008, 2009).
Arabidopsis ARPS is the first ARP found to be concentrated in the nucleolus and not in the
nucleoplasm (Fig. 5.2).

Most published studies used immunofluorescence microscopy or fluorescently tagged proteins
to show the nuclear ARPs are concentrated in the nucleus during interphase, though they are
mostly dissociated from chromatin during cell division (e.g., metaphase). For example, during
telophase, anaphase, and metaphase we found weak immunofluorescent staining throughout
most of the cell for Arabidopsis ARP4, ARP5, ARP6, ARP7, and ARP8 (Deal et al., 2005;
Kandasamy et al., 2003, 2004 2005a,P, 2008, 2009). Most of the nuclear ARPs appear to diffuse
into the cytoplasm after the nuclear membrane breaks down during cell division and then are
transported back and associated with chromatin before the nuclear membrane is reformed. This
ebb and flow of ARP proteins is in contrast, for example, to the four core histones that stay
concentrated on chromatin. The dissociation of the bulk of nuclear ARPs may be contrary to
expectation, because chromatin is rapidly remodeled during all stages of the cell cycle.

Human ARPS8 is the first among the nuclear ARPs to be identified as associating almost
exclusively with mitotic chromatin in a dividing cell, and human ARP8 is essential to mitotic
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alignment of chromosomes (Aoyama et al., 2008). In addition, ARP4 was found weakly
localized to the surface of mitotic chromatin in cultured mouse and human cells in more detailed
immunofluorescence analyses of metaphase (Lee et al., 2007b). Genetic and biochemical
studies also demonstrate that yeast ARP4 is associated with centromeric DNA during
metaphase (Ogiwara et al., 2007b; Steinboeck et al., 2006). Its location here in previous studies
may have been missed using standard microscopic techniques.

3.1.2. Nuclear transport—Nuclear ARPs are synthesized in the cytoplasm and transported
into the nucleus, but the ratio of nuclear to cytoplasmic ARP4 concentration varies dramatically
among mammalian cell types in culture (Lee etal., 2003). A bipartite nuclear localization signal
(NLS) sequence (195KKALE199, 210KQRK213) was first identified in yeast ARP4 within
the conserved insertion shared among all ARP4s (Fig. 5.3A) (Stefanov, 2000). The NLS is
essential to yeast ARP4 nuclear localization and function. However, alignment of this region
with homologous domains from Arabidopsis, human, and Tetrahymena ARP4 sequences
reveals poor conservation of these particular NLS sequences across kingdoms. This same
general region in each of the plant, animal, and protist ARP4 proteins does contain alternative
Lys- and Arg-rich motifs with potential NLS activities. Thus, different NLSs may have evolved
independently among distant members of the ARP4 class. Similarly, all ARP5 sequences
contain potential NLSs that are not well conserved across kingdoms in the very large conserved
insertion located after actin amino acid 246. Lee et al. (2003) have shown that the shuttling of
human ARP4 (Baf53) between the nucleus and the cytoplasm is energy dependent. Again the
location of independently evolved NLS motifs in ARP4- and ARP5-specific insertions argues
that ARP4 and ARPS5 evolved independently from an ancestral actin sequence, and that ARP5
did not evolve from ARP4.

Conventional actins contain two leucine-rich nuclear export signal sequences (NESs), located
between residues 85 and 137 (Fig. 5.3B). The first of these NESs is easily identifiable in the
N-terminal region of all nuclear ARPs, while the second is less frequently conserved among
the ARPs (Harata et al., 2000, 2001). NES sequences might mediate ATP-dependent ARP
export. However, initial studies suggest that, at least for human ARP4, nuclear export is not
inhibited by leptomycin B an inhibitor of the export receptor CRM1 that generally controls the
export of leucine-rich NES proteins (Lee etal., 2003). At least two interesting questions remain:
(1) To what purpose are the nuclear ARPs shuttled between the nucleus and the cytoplasm?
(2) What regulates their concentrations in the two compartments? Perhaps their transport is
essential for cytoplasmic— nuclear communication controlling the cell cycle and multicellular
development.

3.2. Overall relationship to actin

The nuclear ARP sequences evolved from a common ancestral actin or actin-related gene prior
to the divergence of the four eukaryotic kingdoms. They share only 17-35% amino acid
sequence identity with conventional actin and are significantly more divergent from
conventional actin than the cytoplasmic ARPs (Kandasamy et al., 2004; McKinney et al.,
2002; Muller etal., 2005). For comparison, the cytoplasmic ARP1, ARP2, and ARP3 sequences
average 38-52% identity with actin. Because the initial characterization of all the classes of
ARPs was performed in yeast, most nuclear ARPs in other organisms are named relative to the
yeast nuclear ARPs: Arp4, Arp5, Arp6, Arp7, Arp8, and Arp9 (Harata et al., 2000; Poch and
Winsor, 1997). The larger numbers in this ARP nomenclature represent increasing divergence
from conventional actin, with ARP4 being most closely related (approximately 35% amino
acid identity to actin) and ARP8 and ARP9 the most divergent (an average of 18% identity to
actin) (Goodson and Hawse, 2002; Kandasamy et al., 2004; McKinney et al., 2002; Muller et
al., 2005). Protein sequence divergence within each nuclear ARP class is also relatively high.
For example, ARP8 sequences from different kingdoms usually share less than 30% identity

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2010 January 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

(Muller et al., 2005). These data demonstrate that nuclear ARP sequences evolve much more
rapidly than conventional actin sequences.

3.3. Relationships among the nuclear ARPs

There are four classes of ARPs whose origins clearly predate the divergence of the four
eukaryotic kingdoms. The yeast representatives of these four classes are ARP4, ARP5, ARP6,
and ARP8. The phylogenetic relationships among the nuclear ARPs from humans,
Saccharomyeces cerevisiae (Sc), Arabidopsis thaliana (At), and Dictyostelium discoideum
representing animal, plant, fungal, and protist kingdoms are illustrated in Fig. 5.4. Humans,
Arabidopsis, and Dicytostelium contain clear homologs of yeast ARP4, ARP5, ARP6, and
ARPS.

Relative to conventional actin, the nuclear ARPs contain numerous insertions, some very large,
and a few small deletions. Figure 5.5 maps the location of 12 insertions that help define the
four conserved nuclear ARP classes relative to the sequence of conventional mammalian S-
actin (cytoplasmic actin) as first summarized by Muller et al. (2005). The insertion after the
equivalent of mammalian g-actin amino acid 246 is found in all ARP5 and ARP6 sequences
and the insertion results in a large increased in the size of all ARPS5 proteins, however, ARP7
contains an insertion in this position in only a few species. All ARP4 sequences contain a small
insertion after actin amino acid 203, but ARP4s in a few species contain insertions in three
other locations (not shown). Numerous other kingdom and/or species-specific insertions are
also reported and the orphaned ARPs may share the insertions shown and other novel insertions
(Muller et al., 2005). For example, the novel insertions found in yeast ARP7 and ARP9 are
shown in Fig. 5.5. The resulting variation in amino acid length of the four conserved classes
of nuclear ARPs is summarized in Table 5.1. Overall, the low level of sequence identity among
the nuclear ARPs in a class and between classes and the variation in size and location of
INDELSs create difficulties in aligning, identifying, and naming them. In many genome
databases, the nuclear ARPs are annotated simply as “actin-like” or “actin-related” sequences.

Considering the ancient common origin of four classes of nuclear ARPs, it seemed possible
that intron—exon positions might reveal something about their evolutionary history. We
compared the 19 intron positions in the Arabidopsis ARP4 gene, to the 13 in the human
ARP4 (Baf53a) gene, and the 4 in the Dictyostelium ARP4 gene as shown in Fig. 5.6. Like most
yeast genes, yeast ARP4 lacks any introns. Overall, it is clear that intron—exon positions are
poorly conserved even between plant and human ARP4s that each contains large number of
introns. We observed seven intron locations (dotted lines, Fig. 5.6) that were conserved
between pairs of ARP4 genes in different kingdoms.

3.4. Inconsistent composition of the nuclear ARP classes in various protists

Considering that protist development was an early model of epigenetic control, we and others
have looked for homologs of nuclear ARPs encoded in several representative and relatively
complete protist genomes (Hedges et al., 2004; Muller et al., 2005). However, unlike the other
eukaryotic kingdoms, the protists comprise an ancient, complex, and polyphyletic group of
organisms (Adl et al., 2007). Hence, no single species or group can be considered as truly
representative of the protist kingdom. We found clear homologs of ARP4 and ARP6 in
representative species from diverse protist groups including Tetrahymena thermophila and
Toxoplasma gondii representing the chromalveolates, Entamoeba histolytica representing the
amoeba, Trypanosoma brucei representing the kinetoplastids (Gordon and Sibley, 2005), and
Chlamydomonas reinhardtii representing the euglenids. The T. thermophila and D.
discoideum genomes contained ARP5 and ARP8 homologs, while most protist species lacked
them. Dictyostelium sequences were used in the nuclear ARP phylogeny (Fig. 5.4), because
this protist had one of the most complete complements. Without inferring that the sequences
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were lost repeatedly, it is hard to reconcile the lack of ARP5 and ARP8 homologs in most
protist genomes with the likely basal ancestry of protists to the other eukaryotic kingdoms. As
might be expected, the extremely simple and possibly basal genomes of the parabasalids,
Giardia lamblia and Trichomonas vaginalis, contained only an ARP4 homolog and no nuclear
ARP homologs, respectively (Adam, 2000). We cannot yet say if this is a derived state
representing loss of ARP sequences from an ancestral protist ancestor, or if this represents the
early evolutionary state of chromatin remodeling systems, or some combination of both.

3.5. Orphaned ARPs

The orphaned nuclear ARPs are so named, because their phylogenetic relationships across
kingdoms are less clear. Arabidopsis ARP7 and ARP8, yeast ARP7 and ARP9, and human
ARP7 and ARP11 are examples of orphaned ARPs. In particular, Arabidopsis ARP7 shares
39% amino acid identity with actin and the basal structure of a conventional actin, but is only
23-27% identical to yeast ARP4, ARP5, ARP6, ARP7, or ARP8. As a result of numerous small
insertions and deletions and small sequence similarities, ARP7 is phylogenetically positioned
among the nuclear ARPs (Blessing et al., 2004; Kandasamy et al., 2004), and yet not clearly
allied with any one yeast or animal nuclear ARP. Arabidopsis ARP8 and other plant ARP8
homologs are distinct from any ARP found outside the plant kingdom in that they combine a
40 amino acid long hydrophopic leader followed by a 50 amino acid long complete F-box
domain and a complete 380 amino acid long C-terminal actin-related sequence (Kandasamy
et al., 2008; McKinney et al., 2002). F-box domains target protein ubiquitination in other
proteins, but how the F-box and the hydrophobic domain function together as part of any
nuclear ARP is unknown. Moreover, this novel ARP is localized to the nucleolus. It seems
possible that the N-terminal hydrophobic domain targets ARP8 to the nucleolus. Thus, plant
ARP7 and ARP8 belong to plant-specific (Kandasamy et al., 2004; McKinney et al., 2002) or
orphaned (Blessing et al., 2004) ARP classes. This does not mean that ARP7 and ARP8 do not
share a common evolutionary origin with other specific nuclear ARPs (Fig. 5.4), but only that
phylogenetic analysis has not unambiguously resolved these evolutionary relationships, if they
exist. Similarly, yeast nuclear ARP7 and ARP9 also share no immediate homologs in other
kingdoms and have an orphaned status (Blessing et al., 2004). Yeast and Arabidopsis ARP7
both appear more closely related in sequence to ARP4. Considering that yeast ARP7 is known
to be part of SWI/SNF complexes, while ARP4 is a component in animal counterparts, it is
reasonable to speculate that ARP7 evolved directly from ARP4. Many tree building programs
place yeast and Arabidopsis ARP7 most closely allied to ARP4 and Arabidopsis ARP8 as most
closely related to other ARP9s. Some protist genomes including Tetrahymena and
Disctyostelium contained several other orphaned ARPs with questionable phylogenies and
unknown functions.

3.6. Ancient origins of nuclear ARP sequences

The three-dimensional structures of the actins and ARPs reveal that they belong to a diverse
and older family of proteins found in archaea, prokaryotes, and eukaryotes (Muller et al.,
2005). This family includes glycerol kinases, hexokinases, and some chaperones like the 70
kDa heat shock protein, all of which share the actin-fold and the theoretical capacity for
conformational change (Galkin et al., 2002). While the origin of conventional actin has been
traced to a common ancestor of the bacterial structural protein MreB (van den Ent et al.,
2001), a bacterial origin for an ARP with chromatin remodeling activity has not yet been
identified. Some bacteria contain nucleosomal DNA and may remodel their chromatin, thus
the bacterial origin of nuclear ARPs as part of chromatin remodeling machines remains a
possibility (Bendich and Drlica, 2000; Champion and Higgins, 2007).

The topographies of the tree in Fig. 5.4 and other phylogenies comparing actins and nuclear
ARP sequences (Kandasamy et al., 2004;Muller et al., 2005) generally position ARP4 closest
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to conventional actin and basal to the other nuclear ARPs. This topography not only reflects
the rooting of the tree with conventional actin, and ARP4’s relatively high level of conservation
and sequence identity with actin, but might also reflect the possibility that ARP4 was the first
nuclear ARP to evolve. Supporting the view that ARP4 evolved first, ARP4 is found in more
kinds of chromatin remodeling complexes (e.g., SWI/SNF, INO80, and SWR1) than any other
nuclear ARP (Chen and Shen, 2007). Because ARP4 is involved in various kinds of complexes
and perhaps is the most ancient, it may be the most indispensable nuclear ARP. Further, ARP4
homologs are the only nuclear ARPs present in a few simple protist genomes suggesting again
that ARP4 may be the most ancestral (Gordon et al., 2008). It is reasonable to speculate that
ARP5, ARP6, and ARP8 evolved from ARP4, but have become more subfunctionalized. ARP5
and ARPS8 are part of the yeast and human INO80 NR complexes, while ARP6 is only found
in SWR1-related histone variant exchange (HVE) complexes.

However, ARP4s contain an insertion after actin amino acid 203 that is conserved across all
eukaryotes and not found in any other nuclear ARPs, except for a subset of ARP7 sequences
in a few species. For ARP4 to be ancestral to the other nuclear ARPs, the founding ARP4 genes
would need to have acquired this same insertion in multiple ancient phyla independently, after
the evolution of ARP5, ARP6, and/or ARP8. The distinct insertions shared among each of
these three ARP classes can be used to make similar arguments about the independent evolution
of each classes from actin. Thus, it seems unlikely that the other nuclear ARPs are descended
from ARP4 and, more likely, they evolved directly from conventional actin. The binding of
conventional actins to Swi2- and Vid21-related ATPases and their role in chromatin
remodeling and modification may have provided the target for natural selection of new nuclear
ARPs (Szerlong et al., 2008). By this model, duplication of conventional actin genes followed
by selective modification and subfunctionalization for nuclear chromatin activity would have
independently produced ARP4, ARP5, ARP6, ARP8, and ARP9.

4. Function of the Nuclear ARPs in Chromatin Remodeling and Modifying
Complexes

4.1. Nuclear ARPs bind Swi2-related DNA-dependent ATPases in chromatin remodeling

machines

The nuclear ARPs are multifunctional proteins and some appear to have their own distinct
properties, but only recently has a single common activity emerged that may be conserved
among all members of the family. The nuclear ARPs are constituents of ATP-dependent
chromatin remodeling complexes (e.g., SWI/SNF, SWR1, RSC, INO80, p400) and/or
chromatin modifying complexes (NuA4 HAT) (Chen and Shen, 2007; Krogan et al., 2003;
Mizuguchi et al., 2004; Olave et al., 2002b). Indeed, all chromatin remodeling complexes that
contain a Swi2-related DNA-dependent ATPase subunit also include one or more nuclear
ARPs, and if they contain only a single nuclear ARP subunit, this is in association with an actin
subunit (Szerlong et al., 2008). Figure 5.7 models the assembly of one possible isoform of the
mammalian Swi/Snf BRG chromatin remodeling complex containing approximately 13
subunits. It will be used as an example in the following discussion. Nucleosomal movement
is powered by ATP hydrolysis mediated by the Swi2-related ATPase (Dang and Bartholomew,
2007). Swi2-related proteins share a rapidly evolving HSA (helicase SANT-associated)
domain and an adjacent post-HSA domain of approximately 100 amino acid in length and
located within a few hundred amino acid of the N-terminus of these very large proteins
(Szerlong et al., 2008).

A number of early studies lent strong support to the particular binding of nuclear ARPs and

Swi2-related ATPases. For example, the BAF complex of mutant human cells lacking the
Swi2-related Brgl subunit also were missing the ARP4 (Baf53) and actin subunits, while a
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BAF subcomplex lacking all three of these components still formed (Zhao et al., 1998).
Furthermore, the binding of ARP8 in the INO80 complex and the binding of actin and ARP4
in the SWR1 complex both require N-terminal regions of the Swi2-related Ino80 and Swrl
subunits, respectively (Shen et al., 2003b; Wu et al., 2005). INO80 complexes purified from
yeast arp54 or arp84 strains still retain most other subunits, but are deficient in the Ino80
ATPase, ARP4, and actin, indicating that ARP5 and ARP8 may be needed to recruit these other
subunits into the complex (Shen et al., 2003b). In Arabidopsis, the N-terminal half of Swi2-
related SPLAYED retains activities necessary for normal meristem development and flowering
(Suetal., 2006). Finally, yeast ARP7 and ARP9 were shown to both interact with Swi2-related
Sth1 subunit to form a catalytic SWI/SNF subcomplex (Yang et al., 2007).

Isolation of yeast suppressor mutations of ARP deletions darp7 and darp9 provided genetic
proof of the interaction between nuclear ARP and HSA domain of Swi2-related proteins. All
10 suppressors of these null mutants mapped as amino acid substitutions within the 83 amino
acid HSA domain or an immediately adjacent 20 amino acid post-HSA domain of the Swi2-
related Sthl subunit of a SWI/SNF complex (Szerlong et al., 2008). Biochemical protein
interaction assays suggest that ARP7 and ARP9 bind the HSA/post-HSA domain as a
heterodimer similar to the interaction of actin and ARP4 in the BRG complex (Fig. 5.7). Yeast
ARP7 and ARP9 also bind the HSA domain of yeast Swi2-related subunit Snf2 of the RSC
complex. Similarly, human and yeast actin and ARP4 subunits of SWI/SNF complexes bind
the HSA domains of Swi2-related human Brgl and yeast Swrl, respectively. Furthermore,
yeast actin, ARP4 and ARP8 subunits of the INO80 complex bind the HSA domain of the
Ino80 subunit. Of particular note is the significant specificity within the various divergent HSA
domains that directs binding of the correct nuclear ARP and actin partners to the corresponding
Swi2-related sequence, and not to irrelevant HSA domain proteins. Szerlong et al. (2008)
propose that ARPs bind as dimers to an HSA domain protein in all complexes in which they
participate.

4.2. Nuclear ARPs bind Vid21-related helicase subunits in chromatin modifying machines

These data beg the question: why are nuclear ARP4 and actin found in large histone acetylation
complexes that lack a Swi2-homolog like the various fungal NuA4 HAT and mammalian TIP60
complexes? Szerlong et al. (2008) show that the Eafl subunit of NuA4 and other Vid21-related
subunits of fungal HAT complexes each contain a HSA domain and the HSA domain of Eafl
binds ARP4 and actin as this domain binds Brg in the BRG complex (Fig. 5.7). Hence, an
alternate HSA domain protein interacts with two actin-related sequences in these fungal HAT
complexes. Sequence conservation among the Vid21 sequences and their HSA domains is
weak even among distant fungi and thus structural homologs in other kingdoms may be difficult
to identify. Eafl has some weak and previously undetected homology of its HSA and SANT
domains with a few Swi2-related proteins such as human p400/Domino (Auger et al., 2008).
We observed that the human genome encodes a few other proteins similar in size to the 982
amino acid long yeast Eafl protein with low-complexity sequence matches to Eafl’s HSA
domain (e.g., BAC04759) that are not yet identified as HSA-containing homologs. These and
other HSA domain proteins have the potential to interact with nuclear ARPs and actins in novel
chromatin modifying complexes. Finally, mammalian TIP60 complexes contain Ruvbll
(RuvB-like 1, Tap54, Tip49) with both DNA helicase and ATPase domains (lkura et al.,
2000). Although human Ruvbl1 (456 amino acid) shows no statistically significant amino acid
sequence homology with the larger Swi2-related proteins or Vid21-related sequences, it is
reasonable to speculate that actin and ARP4 might interact via a poorly conserved and ancient
HSA domain.
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4.3. Other activities and interactions with chromatin

Most models for ARP and actin function in chromatin remodeling and modifying complexes
center on the actin-fold and hinge region that impart the ability to shift between distinct
conformational states upon nucleotide binding, ATP hydrolysis, and ATP/ADP exchange.
Nuclear ARPs belong to the actin superfamily of proteins that include cytoskeletal actins, heat
shock proteins, ATPases, and sugar kinases that all appear to retain the structural potential to
bind a nucleotide and to change conformation (Boyer and Peterson, 2000; Sunada et al.,
2005). Conventional actin, for example, is converted from an inactive ADP bound
conformational state to an ATP bound active form via its interaction with profilin. ATP-actin
is added to actin filaments, but subsequent ATP hydrolysis within monomers lowers filament
stability, alters filament turnover rates, and changes the affinity for different actin-binding
proteins. The ARP and actin subunits of chromatin remodeling machines may undergo similar
nucleotide-dependent changes in the nucleus to act as molecular switches controlling the
assembly, stability, and/or activity of these complexes. To date, only ARP4 has been shown
to bind nucleotides, but it is possible that more evidence for nucleotide binding will follow for
other nuclear ARP family members. Biochemical and genetic studies in yeast demonstrate that
mutant ARP4 proteins defective in nucleotide binding are more concentrated in high-
molecular-weight protein fractions containing remodeling complexes than wild-type ARP4
protein (Sunada et al., 2005). By contrast, mutant forms of ARP4 enhanced for ATP binding
remain mostly as unbound monomers. Perhaps the nucleotide bound state of ARP4 and other
ARPs may affect their assembly and disassembly as ARP-ARP-HSA or ARP-actin-HSA trimer
subcomplexes.

ARPs are required to associate some complexes with the nuclear matrix (Zhao et al., 1998).
Yeast ARP4 and ARP8 bhind histones directly, so ARPs may help recruit complexes directly
to nucleosomes (Harata et al., 1999b; Shen et al., 2003b). In addition, ARPs and actins may
connect one chromatin complex to another to create higher order chromatin complexes, acting
similarly to conventional actin, only in the “polymerization” of higher order chromatin
structures (Olave et al., 2002b). Silencing of mammalian ARP4 (Baf53) or conditional
knockdown mutations of yeast ARP4 causes a loss of chromatin compaction, as revealed by
increases in the nuclease sensitivity of nucleosomes (Georgieva et al., 2008; Lee et al.,
2007a). Furthermore, higher order interactions of distinct chromatin remodeling complexes
INO80, SRCAP, and TIP60 are supported by initial proteomic data. Analyses of the proteins
bound to large numbers of individually epitope tagged subunits of these complexes revealed
interactions between and among complexes (Sardiu et al., 2008), further supporting the idea
that nuclear ARP complexes contribute to the formation and integrity of higher ordered
chromatin structures.

4.4, Activities of particular ARPs

4.4.1. ARP4—ARP4 is an essential gene in yeast and appears to be essential in
Arabidopsis, because severe knockdown plants with less than 15-20% of wild-type levels of
ARP4 protein are extremely dwarfed and highly sterile (Kandasamy et al., 2005a). ARP4 is
found in more diverse chromatin remodeling complexes than any other ARP in plants, animals,
and fungi. Yeast ARP4 is found in the NUA4 HAT (histone acetyltransferase) nucleosome
modifying complex, the INO80 NR complex and the SWR1 HVE and NR complex (Galarneau
et al., 2000; Harata et al., 1994; Huang et al., 1996; Krogan et al., 2003; Minoda et al., 2005;
Mizuguchi et al., 2004; Shen et al., 2000). The 1.3 MDa NUA4 complex contains 11 subunits,
including ARP4 and conventional actin, and it is known to primarily acetylate histone H4. In
temperature-sensitive yeast arp4 mutants, the full NUA4 complex is absent at the restrictive
temperature (Galarneau et al., 2000). These same mutants display increases or decreases in the
transcription of a number of target genes at the restrictive temperature, coinciding with changes
in the normal chromatin structure around those genes (Harata et al., 2002; Jiang and Stillman,
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1996). ARP4 orthologs are also found in several different mammalian ATP-dependent NR and
HVE complexes (Fuchs et al., 2001; Lee et al., 2005; Nie et al., 2000; Oma et al., 2003; Rando
et al., 2002; Ruhl et al., 2006), in mammalian INO80 NR DNA repair complexes (Cai et al.,
2006), in mammalian Tip60 NR HAT complexes (Feng et al., 2003; Ikura et al., 2000), and in
Drosophila NR complexes (Mohrmann and Verrijzer, 2005; Papoulas et al., 1998).

ARP4 hinds all four core histones in vitro (Harata et al., 1999b) although yeast ARP4 shows
some preference for H2A. The particular histone-binding preferences reported for ARP4 vary
among the different species in which binding was measured. How histone modification may
affect ARP4’s preferential binding is only now being addressed. It has been well established
that a phosphoserine residue in the C-terminal domain of H2A variant H2AX tags nucleosomes
at sites of severely damaged DNA (e.qg., double-strand breaks (DSBs) requiring recombination
repair) (Kuo and Yang, 2008; Morrison et al., 2004; van Attikum et al., 2004). ARP4 binds
this residue within nucleosomes and directs the binding of yeast ARP4-containing complexes,
NUAL, INO80, and SWR1, to remodel chromatin at these damaged sites (Bird et al., 2002;
Downs et al., 2004). Thus, another reason that ARP4 is such a widely conserved subunit of
diverse complexes may be its ability to bind different core histones and histone modifications,
and hence, target complexes to chromatin.

Molecular genetic evidence suggests that the N-terminal Ser2 and Tyr6 residues of human
ARP4 (Baf53) may be phosphorylated for at least some ARP4 activities (Lee et al., 2005). A
small N-terminal extension encodes Ser and/or Tyr residues in the human, S. cerevisiae and
A. thaliana sequences, but not in T. thermophila ARP4 homologs as shown in Fig. 5.3C.
Mammalian ARP4 sequences also contain Ser20 and Tyr27 residues in the first actin homology
domain that are conserved among ARP4 homologs from all four eukaryotic kingdoms. The
possible conservation of the phosphorylation of N-terminal Ser and Tyr residues and the
significance of these modified residues on ARP4 activities outside of human cell culture have
yet to be determined. Phosphoinositol (PIP2) addition to cultured mouse lymphocytes rapidly
targets ARP4-containing BAF complexes to chromatin, but it is not known if PIP2 signaling
affects phosphorylation of ARP4 or if this phosphorylation independently affects localization
of the complex (Zhao et al., 1998). Surprisingly, expression of a truncated ARP4 (Baf53b)
mutant protein lacking this short N-terminal domain has dominant negative effects and is lethal
to human cells (Choi et al., 2001).

4.4.2. ARP5 and ARP8—ARPS5 and ARP8 proteins are not essential to the viability of
budding yeast (Shen et al., 2003b; van Attikum et al., 2004). Yeast, mammalian, plant, and
protist ARP5 and ARP8 (Arabidopsis ARP9) are highly modified by insertions of protein
sequences relative to actin (Fig. 5.5) making them the largest nuclear ARPs, typically 600-800
amino acids (Muller et al., 2005). In addition to ARP5 and ARPS, the yeast and mammalian
INO80 NR complexes also contain ARP4, monomeric actin, a Swi2-related DNA-dependent
ATPase 1n080, and several other subunits (Cai et al., 2006; Jin et al., 2005). The Arabidopsis
genome encodes homologous of all the subunits of the yeast INO80 complex (Fritsch et al.,
2004; Meagher et al., 2005).

Because ARP4, ARP5, ARP8, and Ino80 genes and most other subunits are conserved across
the fungal, animal, and plant kingdoms, it appears that INO80 complexes will be relatively

universal. Roles for INO80 complexes are reported in dynamic control of transcription, DNA
repair, and DNA replication (Conaway and Conaway, 2009). Yeast loss-of-function mutations
for the Ino80 Swi2-related subunit are defective in transcribing the genes needed for inositol
biosynthesis (e.g., the INO1 gene) and require inositol, signifying that the INO80 complex is
involved in transcriptional control as expected for a NR complex. Ino80 defective cells are

hypersensitive to several DNA damaging agents demonstrating INO80 is also involved in DNA
damage repair (Ebbert et al., 1999; Shen et al., 2000). Deletion mutants lacking the ARP5 and
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ARP8 genes are defective in the DNA-dependent ATPase activity of the Ino80 subunit and
require inositol. This undoubtedly occurs because these ARPs are critical to binding the HSA
domain on Ino80 (Szerlong et al., 2008) and assembly of a subcomplex needed for the full
activity of INO80 (Fig. 5.7). ARP8 is also required for the INO80 complex to bind the promoter
of the INO1 gene affording some mechanistic explanation for the phenotype of Arp8 and
Ino80 defective mutants (Ford etal., 2008). The ATP-binding Rvb helicase proteins bind ARP5
and are essential for its assembly into INO80 complexes and for formation of a functional
complex (Jonsson et al., 2004). ARP5- and ARP8-defective mutants in yeast are dramatically
altered in DNA repair and the cell cycle (van Attikum et al., 2004, 2007).

In mammalian and yeast systems, extensive effort has gone into studying the role of INO80 in
repairing radiation-induced double-strand breaks in DNA (Cairns, 2004; Morrison et al.,
2004). Less is known about the particular roles of ARP5 and ARP8 in these processes. Cells
with mutations in Arp8 are defective in end-processing of gamma radiation-induced DSBs
(van Attikum et al., 2007) and in recombination repair of sister chromatids (Kawashima et al.,
2007). The finding that ARP8 binds histones H3 and H4 in vitro suggests that along with ARP4,
ARP8 may also serve as a point of contact between the complex and chromatin (Shen et al.,
2003b). Human ARP8 was one of the first nuclear ARPs to be shown to accumulate on mitotic
chromatin. The transient silencing of ARP8 or expression of truncated ARP8 variants causes
misalignment of metaphase chromosomes, while the silencing of ARP5 or Ino80 homologs
did not (Aoyama et al., 2008). These data suggest novel functions for ARP8 outside those
known for INO80 complexes.

Despite the low level of homology, human ARP5 partially complements the loss of UV
resistance of yeast arp54 strains (Kitayama et al., 2009). HeL a cells partially silenced for
ARP5 expression are significantly more sensitive to DSBs caused by bleomycin than control
cells. Kitayama et al. (2009) also show that ARP5 appears to bind directly to both H2AX and
phosphorylated yH2AX after treatment with bleomycin. Finally, overexpression of ARP5
causes an increase in yH2AX levels. Arabidopsis plants defective in ARPS5 are hypersensitive
to DNA damaging agents HU, MMS, and bleomycin, and show dramatic defects in
multicellular development (Kandasamy et al., 2009). Together these data suggest that ARP5
may interact directly with chromatin in regulating the activities of the INO80 complex in
chromatin remodeling and DSB repair.

4.4.3. ARP6—ARPG is not essential for the viability of budding or fission yeast or
Arabidopsis, but it is essential for their normal growth and development (Deal et al., 2005;
Kawashima et al., 2007; Ueno et al., 2004). ARP6 is a universally conserved subunit of HVE
complexes found in fungi and plants (SWR1), Drosophila (dISWI), and mammals (SRCAP)
(Cai et al., 2005; Ruhl et al., 2006). The S. cerevisiae SWR1 and human SRCAP complexes
share a large part of their subunit composition with other ATP-dependent NR complexes
including the ARP4 and actin subunit (Kobor et al., 2004). The biochemically characterized
ARP6-HVE complexes from animals and yeast also contain a large and conserved Swi2-related
Swrl subunit that is distinct among the families of fungal and animal DNA-dependent ATPases
(Mizuguchi et al., 2004). Genetic and biochemical evidence support the existence of the SWR1
complex in plants. The Arabidopsis genome encodes homologs of all the subunits of yeast
SWR1 (Meagher et al., 2005). Null mutants in ARP6 and the Swrl-related PIE1 (Snf2/Swrl),
and another conserved SWR1 subunit, Swc6, share most of the same suite of developmental
phenotypes (Choi et al., 2005, 2007; Deal et al., 2005, 2997; Lazaro et al., 2008; March-Diaz
etal., 2007; Noh and Amasino, 2003). We have shown that ARP6- and PIE1-defective mutants
lack measurable levels of histone variant H2AZ deposition at a number of target loci, lending
strong support for the presence of a plant SWR1-like complex (Deal et al., 2007).
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Despite sharing many subunits with other NR complexes, SWR1 homologs have the unique
ability to catalyze the replacement of histone H2A with the variant H2AZ at specific
chromosomal locations (Krogan et al., 2003). In yeast and Arabidopsis, the H2AZ variant plays
important roles in promoting transcription and probably in antagonizing the spread of
heterochromatin into euchromatic regions (Adam et al., 2001; Deal et al., 2007; Larochelle
and Gaudreau, 2003; Meneghini et al., 2003; Santisteban et al., 2000). In both yeast and
Arabidopsis, ARP6 is essential for the activity of the complex depositing H2AZ into chromatin
(Deal et al., 2007; Wu et al., 2005). Within the yeast SWR1 complex, ARP6 recruits other
critical subunits, one of which, Swc2, interacts directly with the C-terminal end of H2AZ, and
hence, ARP6 is indirectly required for binding of the complex to nucleosomes. There are
numerous other histone variants (e.g., H2AX), but it is unknown if SWR1 controls their
deposition into nucleosomes.

Work in animals shows an association of ARP6 activity and HETEROCHROMATIN
PROTEINL1 in hetrochromatic regions (Kato et al., 2001; Ohfuchi et al., 2006). The histone
variant H2AZ exchange activity of ARP6-containing SWR1 complexes is interpreted as
antagonizing the spread of inactive heterochromatin into active euchromatic regions of the
genome and as maintaining gene silencing (Kato et al., 2001; Ohfuchi et al., 2006; Ueno et al.,
2004). Contrary to this view, detailed mapping at individual loci in yeast and Arabidopsis
shows H2AZ distributed at the 5’ ends of most genes, both active and inactive (Deal et al.,
2007; Raisner and Madhani, 2006; Raisner et al., 2005), and is not particularly concentrated
in heterochromatic regions (Dryhurst et al., 2004; Fan et al., 2004; Li et al., 2005; Meneghini
et al., 2003). Thus, ARP6 appears to have multiple and contrasting functions that must be
viewed as part of an integrated system of chromatin remodeling activities, with activities in
heterochromatic regions that are not yet fully defined. Supporting the view that ARP6 can have
opposing functions on different genes, we found that loss of ARP6 activity in Arabidopsis
caused loss of H2AZ deposition at the 5’ and 3’ ends of three active MADS box loci that are
generally active in nongametic tissues. Loss of ARP6 results in significant repression of their
transcript levels (Deal et al., 2007). We have found other classes of transcription factors where
the loss of 5’ H2AZ deposition in ARP6-deficient plants caused activation (unpublished data),
fitting the original view of ARP6 and H2AZ as silencing gene activities. Perhaps ARP6-
dependent H2AZ deposition can potentiate transcriptional activation serving an epigenetic
memory function by marking the ends of active genes and preparing silenced genes for
reactivation (Meagher et al., 2007).

4.4.4. Orphan ARPs—As discussed previously, a number of nuclear ARPs are classified as
orphaned sequences, because they cannot be reliably grouped in phylogenies across the various
eukaryotic kingdoms (Fig. 5.4, Section 3.5). Yeast orphaned ARPs, ARP7 and ARP9, are found
among the 11-15 subunits of the SWI/SNF and RSC ATP-dependent NR complexes (Cairns
et al., 1998;Peterson et al., 1998;Szerlong et al., 2003). It is unclear how human or
Arabidopsis ARP7 and ARP8 sequences relate to these yeast sequences (Kandasamy et al.,
2004,2008). Unlike the complexes described here, neither yeast SWI/SNF nor RSC contain
monomeric actin. The SWI/SNF complex was identified independently in genetic screens for
genes involved in mating-type switching and sucrose fermentation, and the RSC complex was
later isolated based on homology to SWI/SNF complex components. Strains lacking ARP7 or
ARP9 show phenotypes typical of swi/snf~ mutants, indicating that these proteins play an
essential role in the function of SWI/SNF.

In addition to the swi/snf~ phenotype, mutations in yeast ARP7 or ARP9 also lead to other
transcriptional defects, indicating that RSC plays a role in general transcriptional regulation
(Cairns et al., 1998). Surprisingly, RSC complexes isolated from arp74/arp94 cells are
otherwise fully intact and retain the ability to remodel nucleosomes in vitro. However, a screen
for suppressors of arp7 and arp9 mutations identified the architectural transcription factor
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Nhp6, which interacts physically with RSC and enhances the activity of the complex in vitro
(Szerlong et al., 2003). These data suggest that ARP7 and ARP9 serve to connect the RSC
complex to interacting proteins or other complexes, allowing functionality in vivo. The
characterized animal SWI/SNF (NR) complexes contain homologs of yeast ARP4 instead of
homologs of the orphaned yeast ARP7 and ARP9 found in the yeast complex. This suggests
at least a functional relationship exists between the orphaned ARPs and the reasonably well-
conserved ARP4, if not an undetected closer phylogenetic relationship.

Arabidopsis ARP7 is an essential gene. Nearly normal heterozygous plants carrying a null
allele produce homozygous arp7-1/arp7-1 embryos that abort at the torpedo stage, and mutant
seeds containing defective embryos arrest their development. It is possible that a small amount
of residual ARP7 from the parental egg cell cytoplasm may support early embryonic
development. Plants partially silenced for ARP7 expression display a wide variety of dramatic
phenotypes (Table 5.2) some of which are discussed in the following sections. Even though
the phylogenic origin of plant ARP7 is not clear, this ARP has important role(s) in multicellular
development.

5. Isoforms of ARP Complexes

5.1. Defining isoforms of chromatin complexes

A theme emerging in plants and animals is that diverse isoforms of nuclear ARP-containing
chromatin complexes exert epigenetic control over multicellular development (Brown et al.,
2007; Dirscherl and Krebs, 2004; Meagher et al., 2005; Nie et al., 2000; Olave et al., 2002b).
Furthermore, there are increasing combinatorial possibilities in the numbers of isoforms of
nuclear ARP complexes, paralleling the macroevolution of organismal complexity from single-
celled organisms like yeast and Tetrahymena to more complex eukaryotes like humans and
Arabidopsis (Dirscherl and Krebs, 2004; lyer et al., 2008). To illustrate what is meant by
isoforms of chromatin complexes, consider the ARP-containing SWI/SNF (NR), INO80 (NR),
and SWR1 (HVE) complexes. Based on their composition in yeast or mouse, these three
complexes contain 12 or more different protein subunits. Small gene families frequently encode
these individual subunits. Thus, isoforms of a complex may be defined as those complexes
containing altered isovariant subunit compositions, but composed of the same general subunit
makeup. In our usage, protein “isovariants” or “variants” are closely related polypeptides with
altered sequences encoded by different gene family members. Besides being derived from
different members of gene families, protein isovariants also can be generated from single genes
by alternate RNA splicing and poly(A) site selection, by alternate initiation and termination of
translation, and by posttranslational protein modifications such as phosphorylation. In plants
and animals, divergent gene families encode multiple isovariants of several subunits in each
of these three types of complexes and perhaps even all major classes of complexes. Substituting
one single subunit with a second different isovariant would generate a new isoform of a
complex. A new isoform has the potential to recognize a new target gene based on local histone
modification or nucleosome composition or bound protein factors. Alternatively, anew isoform
may carry out a slightly different chromatin modifying reaction such as different phasing of
nucleosomes, exchange of a different histone isovariant, or different histone modifications.
For example, substituting two different isovariants of the large Swi2-related DNA-dependent
ATPase subunit into a SWI/SNF complex will undoubtedly generate two isoforms of a complex
with different activities on nucleosomes.

5.2. The numbers of isoforms increase with organismal complexity

Chromatin remodeling proteins in single-celled organisms like yeast (~6000 genes) are
encoded by singlet genes and a few small gene families. Most of these genes were expanded
into much larger gene families in complex multicellular organisms like humans encoding
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~37,000 genes and A. thaliana encoding ~36,000 genes. Again, using the Swi2-related subunit
as an example, there are 10 Swi2-related sequences in yeast, but more than 30 in the mouse
and human genomes and 44 in Arabidopsis. Thus, by increasing the number of Swi2-related
isovariants the number of isoforms of remodeling complexes was increased during the
evolution of multicellular plants and animals. By extension, holding one of these Snf2-related
subunits constant and substituting two isovariants of another subunit generates two other novel
isoforms. Supporting the reality of this view are numerous papers on the importance of Swi2-
related isovariants. For example, in embryonal cells, Swi2-related f-BRG1, but not a-BRG1,
plays an essential role in basal processes involved in cell proliferation (Sumi-Ichinose et al.,
1997). Finally, it should be mentioned that the tissue- or organ-specific expression of even one
isovariant within a complex has the potential to refine epigenetic control by a complex.

In fact, several human and mouse chromatin remodeling complexes were isolated as mixtures
of isoforms. For example, the purified mammalian BAF or SWI/SNF complex was shown to
have a basic composition of about 9-12 proteins, but it existed in several isoforms. Isoforms
purified from various organs varied in their Baf60 subunit and Swi2-related subunit
compositions (Debril et al., 2004; Wang et al., 1996a,b). BAF60a is ubiquitously expressed,
whereas the BAF60b and BAF60c isovariants are expressed in a subset of tissues and organs.
The Baf60 isovariants appear to contribute to the target gene specificity of the complex.
Furthermore, phosphorylation of BAF60 subunits creates additional isovariants that appear to
target a subset of BAF complex isoforms to particular myogenic target genes (Simone et al.,
2004).

Surprisingly, the nuclear ARP genes themselves are seldom found duplicated into gene
families, with a notable exception. Mammalian isovariants of ARP4, Baf53a, and Baf53b,
participate in SWI/SNF and TRAAP chromatin remodeling complexes and are differentially
expressed. Baf53a expression is restricted primarily to brain and other neuronal tissues, while
the Baf53b isovariant, which is the product of a separate gene, is more broadly expressed
(Kurodaetal., 2002; Lessard et al., 2007; Olave et al., 2002a; Wu et al., 2007). Baf53a interacts
specifically with a transcriptional corepressor CtPB, but Baf53b does not. The activity of SWI/
SNF complex and its target genes are repressed in the presence of Baf53a, but not Baf53b
(Oma et al., 2003). Baf53a isovariant cannot be replaced by Baf53b, because particular
sequences in subdomain 2 of Baf53a add necessary and specific protein—protein interactions
to chromatin remodeling in the nervous system. Baf53b is assembled into multiple PBAF
complexes in postmitotic neurons (Choi et al., 2001; Lee et al., 2003; Ohfuchi et al., 2002;
Olave et al., 2002a). In summary, remodeling complexes with the Baf53a isovariant are
functionally distinct from those containing the Baf53b isovariant.

Analyses of mutants in the four Arabidopsis Swi3 isovariants suggest different developmental
roles for four likely SWI/SNF complex isoforms, each with a different Swi3 isovariant
(Sarnowski et al., 2005; Zhou et al., 2003). Each mutant with defects in swi3a, swi3b,
swi3c,or swi3d displays a distinct set of phenotypes, including embryo lethality and vegetative
and reproductive defects. The sum of the phenotypes described for these four mutants include
most of the phenotypes we described for plants deficient in ARP7, which is likely to be a
member of this SWI/SNF complex (Kandasamy et al., 2005b). For example, the swi3a and
swi3b mutants display an embryo lethal phenotype similar to the homozygous null arp7-1
Arabidopsis mutant. In addition, the swi3d mutations cause severe dwarfism and complete
male and female infertility like strong ARP7 knockdown epialleles. Plants carrying swi3c
mutations share retarded root and plant growth, curly leaf, and reduced fertility phenotypes
with the moderate ARP7 epialleles.

We have shown previously that homologs of most subunit proteins within the yeast SWI/SNF,
SWR1 and INO80 complexes are encoded by gene families in Arabidopsis (Meagher et al.,
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2005). There are 12 likely subunit isovariants in five gene families that may produce 64 SWI/
SNF isoforms. There are 19 subunit isovariants in six gene families with the potential to
produce 600 SWR1 isoforms. There are 13 isovariants in four gene families with the potential
to produce 56 INO8O isoforms. These estimates exclude variations in the possible actin and
Swi2-related subunit isovariant composition, each variation having the potential to add
significantly to the complexity of isoforms. Each individual ARP complex isoform with a
different isovariant composition may only control a small subset of all epigenetically controlled
target genes with a specific impact on development. Using the same yeast query sequences
(Meagher et al., 2005) to explore the mouse and human genomes reveals that a similar high
level of combinatorial diversity exists among the subunits of these remodeling complexes in
mammals (not shown). Hence, it is reasonable to propose that in plants and animals there are
hundreds of functional isoforms of each type of basic remodeling or modifying complex and
that each isoform of a complex may differ in some way in its activity.

5.3. Contingency, macroevolution, and the origin of new isoforms

One evolutionary view connecting ARP complexes to the macroevolution of multicellular
development is that as plants and animals diversified from single-celled protist ancestors, there
was a combinatorial expansion in the number of nuclear ARP complex isoforms following an
expansion and diversification of the gene families encoding their various subunit isovariants.
Besides normal gene endoduplication, a number of ancient genome wide duplications are
identified in the ancient ancestry of higher plants and animals. Thus, gene duplication is not
likely to have limited increases in the numbers of protein isovariants (Meagher et al., 1999b).
An increase in chromatin complex isoforms allowed the natural selection of more specialized
control over chromatin dynamics and target-gene transcription, which generated more
specialized epigenetic control over multicellular development. Greater target gene specificity
and more finely tuned epigenetic control should be a selective advantage to multicellular
organisms. Contingency theory can be used to explain the seemingly improbable pathways of
gene duplication, gene divergence, neutral drift, natural selection, and stepwise increases in
the complexity of chromatin complex isoforms that lead to increasing complexity of tissue and
organ development in animals and plants (Bak and Paczuski, 1995). Previous discussion
linking the long pathways of genetic events to the evolution of protein—protein interactions and
macroevolution of developmental pathways rely heavily upon arguments of historical
contingency (Meagher, 1995; Meagher et al., 1999a, 2008; Muller and Newman, 2005).

6. Role of Nuclear ARPs in the Epigenetic Control of Morphological
Development

6.1. ARP complexes control development

The following section summarizes several functional studies demonstrating an essential role
for nuclear ARPs in different pathways of yeast, animal, and plant development. In plants, for
example, chromatin remodeling and epigenetic control are directly linked to numerous
pathways of multicellular development (Bezhani et al., 2007; Chen, 2007; Cuzin et al., 2008;
Henderson and Jacobsen, 2007; Kwon and Wagner, 2007; Saze et al., 2008). Analysis of
mutants in Swi2-related family members likely to interact directly with ARPs via their HSA
domains (Fig. 5.7) led the way in these studies, including defects in SYD (Wagner and
Meyerowitz, 2002), PIE1 (Swrl homolog) (Noh and Amasino, 2003), DDM1 (Bartee and
Bender, 2001; Brzeski and Jerzmanowski, 2003; Jeddeloh et al., 1999; Johnson et al., 2002;
Muittelsten Scheid and Paszkowski, 2000; Miura et al., 2001), CR12 (Iswi) (Huanca-Mamani
et al., 2005), DRD1 (Kanno et al., 2004), Ino80 (Fritsch et al., 2004), and Rad54 (Shaked et
al., 2006). Considering that Arabidopsis has 44 predicted Swi2-like genes, but only six nuclear
ARPs, it was not surprising to find that knocking down or knocking out individual
Arabidopsis nuclear ARPs in whole plants resulted in even more severe and pleiotropic defects
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in more pathways of development than Swi2-related gene mutations (Choi et al., 2005; Deal
et al., 2005, 2007; Kandasamy et al., 2005a,%; March-Diaz et al., 2007; Martin-Trillo et al.,
2006; Meagher et al., 2005, 2007). A sampling of the cell proliferation and developmental
abnormalities associated with Arabidopsis ARP4, ARP5, ARPG, and ARP7 deficiencies is
summarized in Table 5.2. In animals, the majority of studies on nuclear ARPs are focused on
conditional and knockdown mutants in cultured cells, where organismal viability is not
compromised. It is possible that the plasticity of Arabidopsis development may allow
individuals partially compromised for nuclear ARP-dependent epigenetic control to survive.
New conditional knockdown technologies in the mouse should allow organismal- or organ-
level gene silencing of nuclear ARPs to proceed.

A theme presented at the beginning of this chapter states that in addition to their role in
controlling the compaction of DNA and associated gene silencing, isoforms of nuclear ARP-
containing chromatin complexes have evolved to exert dynamic epigenetic control over gene
expression and different phases of multicellular development. A general model for the position
of the nuclear ARPs in various pathways of developmental control is outlined in Fig. 5.8E.
Chromatin remodeling factors like the ARPs affect epigenetic controls over the regulation of
transcriptional repressors and activators leading to the display of various morphological
phenotypes. However, the epigenetic controls themselves appear to be influenced by
environmental factors such as age and diet in animals and age, nutrients, temperature, and light
in plants.

6.2. Developmental transitions

Epigenetic controls are essential to most major developmental phase transitions in animals and
plants including the transitions from undifferentiated stem cells and primordia to organ
development, from embryonic to vegetative growth, and from vegetative to reproductive
development (Bezhani et al., 2007; Ooi and Henikoff, 2007; Vignon et al., 2002). Homeiotic
genes that act early to determine organ identity appear to be under particularly strong epigenetic
control (O’Dor et al., 2006; Papoulas et al., 1998; Pien et al., 2008; Vasanthi and Mishra,
2008). While ARP-containing complexes are clearly required for these processes, the role of
nuclear ARPs themselves has been demonstrated in only a limited number of cases.

The transition from vegetative growth to flowering is one of the most important and most highly
regulated developmental phase change in the life of a plant and appears exquisitely sensitive
to changes in chromatin remodeling and modification. The decision to make this transition is
regulated by a variety of environmental and endogenous plant cues including day length
(photoperiod), temperature, nutrient status, the age of the plant and for many plants even the
number of hours of exposure to cold weather (Fig. 5.8F). Each of these stimuli is sensed by
separate genetic pathways, which feed into a central regulatory module that controls the switch
from vegetative growth to flowering. This central module consists of the flowering repressor
gene FLOWERING LOCUS C (FLC), which acts to repress the floral promoting genes
FLOWERING LOCUS T (FT) and SUPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1). When FLC levels are high, the FT and SOC1 genes are repressed, and vegetative
growth continues. However, when FLC is epigenetically silenced, the FT and SOC1 genes are
expressed and act to promote the expression of the floral meristem identity genes, resulting in
flowering. Thus, these sensory pathways can promote flowering by repressing the expression
of FLC or activating the expression of FT and SOC1, or they can repress flowering by activating
FLC expression (Putterill et al., 2004; Simpson and Dean, 2002). In a parallel pathway, day
length is perceived by the photoperiod pathway, and when the light period reaches a critical
length in the spring, the transcription factor CONSTANS (CO) is produced, and serves to
activate FT and SOC1, leading to the induction of flowering (Putterill et al., 1995; Samach et
al., 2000). Another important sensory pathway, known as the autonomous pathway, is
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comprised of a collection of factors that repress FLC expression in response to diverse day
length-independent stimuli, resulting in flowering (Simpson, 2004).

Interestingly, ARP4 and ARP6 have important, but separate roles in repressing the transition
to flowering in Arabidopsis. Plants in which ARP4 expression has been silenced by RNAI,
show early flowering in long days, but not in short days, indicating that the photoperiod-
dependent pathway is aberrantly activated to promote flowering (Fig. 5.8C and D) (Kandasamy
et al., 2005a). While the molecular basis of this phenotype is currently unknown, it is likely
that ARP4-containing chromatin remodeling complexes may act to promote the expression of
genes that repress CO, CO-like genes, or other regulatory genes, such as PHYTOCHROME
B (Putterill et al., 1995). Alternatively, ARP4 may normally act to repress CO-related gene
expression directly. In either case, CO could be activated inappropriately in ARP4-defective
lines, leading to early flowering only under long-day conditions.

In contrast to the photoperiod-dependent ARP4 phenotype, a null mutant (arp6-1) and a severe
knockdown mutant (arp6-2) defective in ARP6 expression result in early flowering under both
long- and short-day photoperiods (Fig. 5.8A and B) (Choi et al., 2005; Deal et al., 2005; Martin-
Trillo et al., 2006). This photoperiod-independent early flowering phenotype of arp6 plants
was shown to result from a drastic 5- to 10-fold reduction in the expression of FLC, indicating
that ARP6 is normally required to promote the expression of FLC. As mentioned previously,
yeast and mammalian ARP6 proteins function with the SWR1 and SRCAP complexes,
respectively, which act to deposit the histone variant H2AZ into chromatin. In support for the
activity of Arabidopsis ARP6 in a homologous complex, mutations in the Arabidopsis
homologs of two other components of this complex, PHOTOPERIOD-INDEPENDENT
EARLY FLOWERING 1 (PIE1) and SERRATED LEAVES AND EARLY FLOWERING (SEF),
also cause photoperiod-independent early flowering due to reduced FLC expression (March-
Diaz et al., 2007; Noh and Amasino, 2003). Furthermore, we and others have recently shown
that ARP6 and SEF interact with each other and with PIE1 (March-Diaz et al., 2007), and that
ARP6 and PIE1 are required for deposition of H2AZ at the FLC locus (Deal et al., 2007). In
addition, the loss of H2AZ from FLC chromatin in the arp6 and piel plants correlates with
reduced FLC expression, indicating that plant H2AZ deposition in nucleosomes can potentiate
transcriptional activation, similar to its role in yeast (Deal et al., 2007). These observations
suggest that a SWR1-related complex is conserved in plants, and support a model in which
dynamic ARP6/PIE1-mediated deposition of H2AZ is required for repression of flowering and
maintenance of the vegetative growth phase.

A few subunits of ARP-containing chromatin remodeling complexes have roles in the phase
transitions leading to animal organ and tissue development such as the development of bone,
heart, striated muscle, T cells, and brain (Barak et al., 2004; Brown et al., 2007; Chi et al.,
2002; Gebuhr et al., 2003; Lickert et al., 2004; Tromans, 2004; Yeh et al., 2002; Young et al.,
2005). Solid evidence for the developmental roles for nuclear ARPs, however, is limited. Olave
et al. (2002a) show that Arp4 isovariant Baf53b is first expressed in postmitotic neurons, and
as part of a BAF (SWI/SNF) complex Baf53b interacts with the transcriptional corepressor
CtBP to repress glucocorticoid receptor expression and alter development.

As in plants, the phase transition in yeast from vegetative to reproductive development and in
particular the yeast mating type switch are under strong and complex epigenetic control (Klar,
2007). The mating type switch requires both DNA rearrangement and transcription of the
MAT locus, with both INO80 and SWR1 complexes being recruited to the region of DNA with
DSBs. ARP8 mutants are defective in the end processing of DNA strands during DSB repair
at MAT (van Attikum et al., 2007). In summary, nuclear ARPs play essential roles in
developmental phase transitions, however, the severity of some ARP-defective phenotypes
may hinder a more complete understanding of their importance in these subtle processes.
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6.3. Senescence and PCD

In plants and animals, chromatin remodeling and histone modification are known to be key to
the epigenetic control of senescence and PCD (Adams, 2007a; Burzynski, 2005; Lewis et al.,
2006; Sarnowski et al., 2005; Wu et al., 2008). As illustrated in Fig. 5.9E, floral senescence is
controlled by a complex pathway that is influenced by age, nutrient status, temperature, and
dozens of transcription factors. Clear floral senescence phenotypes are demonstrated for two
classes of ARP-defective plants. In most flowering plants, the shedding of sepals and petals
generally follows fertilization of the flower and development of fruit and seeds. As a
consequence, when wild-type Arabidopsis are grown under long-day conditions the
inflorescence displays only four to five opened flowers that retain intact sepals and petals (Fig.
5.9A). This small number of flowers with sepals and petals remains essentially constant from
the time the first fruits develop until as many as several dozen fruits develop on an older
inflorescence. Knocking down ARP4 or ARP7 expression with RNA interference (Ri) results
in plants with defects in this senescence phase of flower development and often produces
inflorescences that are fully covered with flowers bearing sepals and petals (Fig. 5.9B)
(Kandasamy et al., 2005a,b). These ARP4-Ri and ARP7-Ri plant lines maintain fully turgid
sepals and petals on 12—-20 or more flowers during long-day growth and even fully mature fruit
may retain sepals and petals (Fig. 5.9B-D). During short-day growth, six to eight wild-type
flowers retain these organs at any one time, whereas, in the ARP4-Ri and ARP7-Ri lines 20
or more flowers retain sepals and petals.

These senescence phenotypes are the result of a failure of the cluster of cells at the base of
sepals and petals, known as the abscission zone, to die and produce the required organ release,
but not from a failure to develop the abscission zone of tissue itself (Kandasamy et al.,
2005b). PCD at the abscission zones of petals and sepals is thought to proceed by autophagous
mechanisms in which proteases are released from endoplasmic reticulum-derived vesicles to
kill cells (Rogers, 2006). ARP4 and ARP7 may act within one or more chromatin modifying
complexes to regulate the pathways of PCD leading to floral organ abscission. The hormone
ethylene is known to play a central role in the regulation of flower senescence and abscission
of floral organs in many plants (Bleecker and Patterson, 1997; Chang et al., 1993; Klee,
2002; Roberts, 2000). However, exogenous application of ethylene does not suppress the
delayed floral organ abscission in ARP7-deficient lines (Kandasamy et al., 2005b) suggesting
that ARP7 participates in controlling floral organ abscission in an ethylene-independent
pathway. Epigenetic models for the normal action of ARP7-containing chromatin remodeling
complexes may include the maintenance of ETHYLENE RECEPTOR 1 (ETRL1) in an activated
state poised to respond to ethylene or regulation of any number of transcription factors
activating or repressing floral senescence (Fig. 5.9E). We feel it is most likely that many of
the other transcription factors known to control floral senescence will also fall under nuclear
ARP control (Meagher et al., 2007).

Deficiencies, overexpression, and misexpression of various subunits and activators of
mammalian ARP-containing chromatin remodeling and modifying complexes induce or
suppress apoptosis and various pathways of senescence (Samuelson et al., 2005). Ectopic
expression of a histone acetyltransferase-defective Tip60 complex in HeLa cells causes a defect
in DNA DSB repair, leading to an inability to carry out apoptosis (Ikura et al., 2000; Jehn and
Osborne, 1997). The human snf5-homolog Inil is a subunit of the SWI/SNF NR complex.
Overexpression of Inil in human inil-deficeint cell lines increased the rates of apoptosis and
arrested many cells in G1 (Ae et al., 2002; Klochendler-Yeivin et al., 2006). In heterozygous
Inil/inil-null mice, p53 overexpression causes increased rates of tumor formation over the
rates of tumor formation in wild type. These results lead the authors to suggest that Inil
normally acts as a tumor suppressor. Similarly, overexpression of the Swi2 homolog Brgl
(Smarca4) increased p53 and retinoblastoma (Rb) expression and induced cell cycle arrest and
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apoptosis (Okazaki et al., 2008). Conversely, disruption of the Swi2-subunit homolog ATRX
causes p53-mediated apoptosis (Seah et al., 2008). Normal SWI/SNF chromatin remodeling
activity is essential to prevent apoptosis of cells undergoing DNA damage repair (Gong et al.,
2008; Park et al., 2009).

In yeast cells, DSB repair is defective in ARP5- or ARP8-deficient cells or cells deficient in
other subunits of the INO80 complex (van Attikum et al., 2004). RNA.i silencing of the Swi2-
related p400 in untransformed human fibroblasts causes G1 arrest, induction of p21, and
increased levels of senescence-associated heterochromatic foci (Chan et al., 2005).
Overexpression of Swi2-related Brgl expression in mesenchymal stem cells induced a
significant cell cycle arrest of MSCs in culture (Napolitano et al., 2007). The activities of both
Rband p53, commonly associated with senescence, are essential to this Brgl-mediated increase
in stem cell senescence. Thus, there is strong direct and indirect evidence to suggest that
mammalian nuclear ARP-containing chromatin remodeling complexes play roles in the control
of apoptosis and senescence (Burzynski, 2005; Lin et al., 2006).

6.4. Cell proliferation and the cell cycle

Epigenetic controls over cell proliferation and the cell cycle are well established in animals,
plants, and fungi (Chen etal., 2008; Francis, 2007). Roles for nuclear ARPs in cell cycle control
are recently emerging as illustrated by a few studies in Arabidopsis and yeast, and for animal
cells in culture. When grown under long-day conditions A. thaliana (Columbia) normally
develops a rosette of about 12 leaves just prior to the initiation of flowering. The largest wild-
type leaves average 4-5 cm in length at this developmental transition. Arabidopsis plants
defective in ARP4, ARP5, ARP6, or ARP7 expression produce rosettes with leaves that are
approximately half the size of wild type (Table 5.2, Fig. 5.10). Microscopic observations reveal
that smaller leaves result from various abnormalities in leaf cell proliferation and/or expansion.
Ri was used to generate stable epiallelic lines (ARP4-Ri), where ARP4 transcript levels are
reduced to less than 20% of wild-type levels (Kandasamy et al., 2005a). The leaf epidermis of
these strongly silenced epiallelic lines are composed of small cells that are less than half the
size of wild type yet fairly normal in shape (Fig. 5.10A, D, and E). A null mutant lacking
ARPS5 (arp5-1) produces stochastic patches of very small epidermal cells interspersed among
moderately sized cells to produce small leaves (Fig. 5.10B and F) (Kandasamy et al., 2009).
Strongly silenced ARP7 RNAI lines (ARP7-Ri) also produce epidermal leaf cells that are
essentially normally shaped, but average half the size of wild-type cells, with some clusters of
very small cells (Fig. 5.10C and G) (Kandasamy et al., 2005b). Because of honuniform
epidermal cell expansion and clustering of extremely small and moderately sized cells and cell
size differences on the abaxial and adaxial surfaces, ARP5- and ARP7-deficient leaves are often
curled.

Stable knockout (arp6-1) and severe knockdown (arp6-2) lines of Arabidopsis were isolated
that were defective in ARP6 expression (Deal et al., 2005). The ARP6-defective leaves were
less than half the size of wild type (Fig. 5.10H). However, in contrast to defects in ARP4,
ARP5, and ARP7, scanning electron microscopic examination of ARP6 mutant leaves reveals
epidermal cell sizes and shapes that are indistinguishable from wild type (Fig. 5.101 and J).
Thus, rather than producing smaller cells, ARP6-defective plants produce leaves composed of
fewer total cells. These data suggest that during wild-type rosette leaf development, ARP6
promotes or extends the duration of cell proliferation to produce full-sized leaves. ARP4,
ARP5, and ARP7 govern and balance rates of cell expansion, cell division, and the endocycle
as suggested in the model pathway shown in Fig. 5.10K. We speculate that ARP deficiencies
may produce these plant phenotypes, because of defects in epigenetic control including loss
of normal chromatin remodeling essential for chromosomal segregation and changes in
chromatin structure causing inappropriate expression of specific regulators of the cell cycle or
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endocycle including RBs, cyclins, and cyclin-dependent kinases (Francis, 2007; Meagher et
al., 2007). Other than leaves, plant organs such as roots, stems, sepals, petals, stamens, and
carpels are also smaller in these plants, but their cellular phenotypes have not yet been studied
in detail.

Evidence from budding and fission yeast suggests that there is an essential role for nuclear
ARPs in mitotic segregation, a process that impacts cell size and proliferation, which in
multicellular organisms, helps determine organ size. In fission yeast, ARP4 and the DNA-
dependent ATPase subunits of INO80 and SWI/SNF and SWR1 are all associated with
centromeric heterochromatin. ARP4-defective cells are more sensitive to drugs known to
inhibit progression through the cell cycle and arrest at the G2/M transition. The abnormally
large budded ARP4-defective yeast cells display other mitotic phenotypes such as 2N DNA
content and numerous broken spindles (Ogiwara et al., 2007b; Steinboeck et al., 2006). In
addition, ARP4 associates with other known proteins in the kinetochore and is essential for its
assembly. Fission yeast cells with defects in ARP4 expression also display mitotic phenotypes,
including altered chromosome condensation and segregation and desilencing of centromeric
transcription (Minoda et al., 2005). While a defect in ARP8 impairs the remodeling activity of
INO8O and alters sister chromatid cohesion, it does not affect kinetochore assembly (Ogiwara
et al., 2007a). Finally, ARP4-defective cells misregulated a number of genes in the TOR and
NCR pathways that regulate cell growth (Steinboeck et al., 2006). Thus, it appears that ARP-
containing complexes may be involved in the epigenetic control of chromatin remodeling and
associated gene expression necessary for kinetochore assembly, chromosomal segregation, and
progression through the cell cycle.

Strong indirect support also exists for the animal nuclear ARPs participating in the cell cycle
and in cell proliferation. The ARP4 (BAF53)-containing mammalian BAF complexes were
often classified as tumor suppressors (Sansam and Roberts, 2006) and by one view they may
control the cell cycle by alternatively activating and repressing epigenetic states of the cell
(Metivier et al., 2003). In flies and mammals, subunits of related SWI/SNF complexes act in
the same pathway as E2F, a major regulator of cell cycle genes like the cyclins that impact,
among other things, the G2/M transition (Staehling-Hampton et al., 1999). In human cell lines,
subunits of the SWI/SNF complex interact with cyclin complexes and the tumor suppressor
p53 to control cell cycle progression (Shanahan et al., 1999; Zhang et al., 2000). Human
cultured cells expressing mutant forms of ARP4 show significant loss of viability and altered
control of p53 (Lee et al., 2005). In addition, human ARP4 acts to repress p53-dependent p21-
gene transcription by interacting directly with p53 (Wang et al., 2007) suggesting a specific
role for this human ARP in the epigenetic control of the cell cycle and cell proliferation.

Using a combination of conditional mutations and drug inhibition of microtubule assembly,
yeast ARP4 has now been shown to be associated with centromeric heterochromatin during
the entire cell cycle and to be essential to cell division (Ogiwara et al., 2007b; Steinboeck et
al., 2006). Moreover, defects in ARP4 cause arrest in the G2/M boundary of the cell cycle.
These data suggest that perhaps the amount of ARP4 associated with the relatively small
amount centromeric DNA was missed in previous microscopic localization studies showing
that ARP4 was found concentrated in nucleoplasm of interphase cells.

7. Nuclear ARPs and Epigenetics in Human Disease

Altered chromatin structure has been allied with human disease for the last 30 years (Crapper
et al., 1979; Fujii et al., 1980; Smith et al., 1979; Voitenko, 1980). One may predict with
confidence that loss in the epigenetic control of gene expression for high-level transcription
factors and the resulting alteration in tissue and organ development could account for many of
the stochastic and complex properties associated with the onset of disease (Bottardi et al.,
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2003; Grewal and Moazed, 2003; Groudine et al., 1983; Nanney, 1958; Waddington, 1957).
By considering epigenetic controls, we are better able to model how genes interact with the
environment and how gene expression changes with the age of the individual. Otherwise, the
influence of environment and age are difficult to interpret with purely genetic and biochemical
models (Bjornsson et al., 2004; Ferluga, 1989; Graff and Mansuy, 2008; Mehler, 2008a;
Weinhold, 2006). In the last decade, a strong connection has been made between epigenetic
defects and diverse cancers and a variety of other human disorders including diabetes, cognitive
dysfunction, autoimmune diseases, and neurobehavioral illnesses, all of which have age-related
components associated with their frequency of onset (Adams, 2007b; Fraga et al., 2007; Garcia
et al., 2005; Jirtle et al., 2000; Mehler and Purpura, 2008; Minucci and Pelicci, 1999; Remus
et al., 2005; Robertson and Wolffe, 2000; Schulz et al., 2006; Shames et al., 2007; Soragni et
al., 2008; Wong et al., 2007; Zeisig et al., 2008). ARP-containing chromatin remodeling
complexes control directly or indirectly the majority of those changes to chromatin structure
known to be associated with these diseases.

In particular, deficiencies in mutant forms of specific subunits of ARP-containing remodeling
chromatin complex are linked to neoplastic cell growth and many subunits were initially
identified as tumor suppressors (Olave et al., 2002b). DeCristofaro et al. (1999, 2001) and
others have shown that a number of human tumors and immortal tumor-derived cells lines are
deficient in subunits of the SWI/SNF family of complexes including defects in snf5, baf57,
brg-1, and brm-1. For example, extracts from human adrenal gland carcinoma cells lack
expression of the normally constitutive Swi2-related brg-1 and brm-1 proteins and form
incomplete BAF and PBAF subcomplexes lacking ARP4 and actin. Transformation of the
brg-1 gene into these cells disrupts their neoplastic state of growth and these genetically
complemented cells begin to differentiate (Liu et al., 2001). Among its numerous activities on
target genes, the BAF complex binds to the promoter of COLONY-STIMULATING FACTOR
1 (CSF1) promoter with aresulting alteration in DNA structure that appears essential for normal
CSF1 expression. In another example, Ruvbll (RUVB-like 1, TIP49), an ATPase subunit in
an ARP4-containing remodeling complex, has been implicated as a cofactor for oncogenic
transformation via its binding to S-catenin. g-Catenin mediates the neoplastic growth of cancer
cells through its role in Wnt signaling that, among other things, affects T-cell factor (TCF)-
mediated transcription. Expression of an ATPase-deficient mutant form of Ruvbll
(TIP49D302N) substantially inhibited s-catenin cell transformation (Feng et al., 2003). As
another example of tumor suppressor activity, silencing the catalytic core subunits of SWI/
SNF greatly reduces the ability of cells to carry out radiation-induced DSB repair and causes
reduced survival of cells (Park et al., 2006).

DNA repair is essential to genome integrity and genetic inheritance, and inefficient or
inaccurate repair results in mutations that may lead to carcinogenesis or inherited genetic
diseases. Depending on the kind and severity of DNA damage, DNA repair proceeds through
at least two major pathways: nucleotide excision repair (NER) and DSB repair. Evidence from
diverse model systems suggests that reorganization of chromatin structure during NER and
DSB repair may require the SWI/SNF, BAF, NEF, SWR1, RSC, INO80, SWR, and TIP60
complexes (Fritsch et al., 2004; Groth et al., 2007; Linger and Tyler, 2007; Morrison and Shen,
2006; Osley et al., 2007), whose compositions taken together include yeast and mammalian
ARP4, ARP5, ARP6, ARPS, and yeast ARP7 and ARP9.

ARP4 is a common essential subunit of most of these complexes. The combined processes of
chromatin remodeling and DNA damage repair have been modeled as proceeding through three
major steps: access, repair, and restore (Smerdon and Lieberman, 1978). Access to the
damaged site, arresting transcription, and arresting the cell cycle during DSB repair are
accomplished by placing epigenetic marks on chromatin surrounding the damaged DNA. These
marks include methylation, acetylation, ubiquitination, and phosphorylation of H2, H3, and/
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or H4 histone isovariants (Dinant et al., 2008). ARP4 is part of the TIP60 and NuA4 histone
modifying complexes and is essential to localizing the yeast Nu4A complex to the sites of
damaged DNA (Downs et al., 2004; Minoda et al., 2005). The early steps of access may also
involve exchange of H2A, H2AX, and H2AZ isovariants within nucleosomes.

As mentioned earlier (Section 4.4), ARP4, ARP5, and ARP8 are essential components of the
INO80 complex. INO8O is particularly associated with repair and phosphorylation of H2AX,
a universal and well-characterized mark identifying DNA surrounding DSBs. Kitayama et al.
(2009) have shown recently that human ARP5 partially complements the UV sensitivity of
yeast ARP5 deletions. Silencing of human ARP5 in HeLa cells dramatically increases
sensitivity to DNA DSBs. Furthermore, ARP5 depletion dramatically reduces phosphorylation
of H2AX in these cells and the affinity of the Swi2-related Ino80 subunit of INO80 for DNA
(Kitayama et al., 2009).

During the second step, repair, ARP8’s activity in the INO80 complex is implicated in
converting DSBs to ssSDNA and to recombination repair (van Attikum et al., 2004).
Phosphoryated H2AX is essential to the recruitment of the ARP6-containing SWR1 complex
to DSB sites (van Attikum et al., 2007). Studies on the third step, restore, in which normal
chromatin dynamics and DNA activities are resumed is just beginning. Following the repair
process, ARP5- and ARP8-containing INO80 complexes aid in restarting stalled replication
forks (Shimada et al., 2008; Trujillo and Osley, 2008). These various steps of addressing DNA
damage, access, repair, and restore require integrated activities of several nuclear ARPs and
their chromatin remodeling complexes.

The nuclear ARPs themselves are described as tumor suppressors, because constituent ARP
remodeling complexes activate genes with tumor suppressor activity. However, considering
the complexity and dynamic nature of epigenetic control systems, it seems just as likely that
ARP complexes may silence tumor suppressor genes as silence genes with other beneficial
activities. For example, during ARP4 deficiency in budding yeast, a large number of stress
response genes are increased or decreased in expression, relative to wild type (Gorzer et al.,
2003; Shen et al., 2003a; Steinboeck et al., 2006). Similarly, ARP4-deficient fission yeast cells
are defective in diverse histone H4 acetylation activities, resulting in the desilencing of genes
linked to the centromere (Minoda et al., 2005).

ARP4 (Baf53) appears to be a necessary cofactor for c-Myc and p53 to participate in both
tumor suppression and oncogenic transformation (Lee et al., 2005; Park et al., 2002; Wang et
al., 2007). The cellular oncogenic proteins c-Myc and p53 play essential roles in the cell cycle,
in DNA repair, and in apoptosis by regulating two relatively distinct and essential sets of genes
and gene networks controlling these processes. Gene networks regulated by c-Myc and p53
and the normal expression of these two genes themselves are frequently disrupted in human
and other animal cell cancers. ARP4 (Baf53) interacts with an N-terminal subdomain of c-
Myc, the Myc-homology domain Il (MBII) to form subcomplexes on chromatin and activate
gene expression perhaps by recruiting ARP4-containing chromatin remodeling complexes to
the promoters of these genes.

Mammalian ARP4 also interacts directly with p53 (Lee et al., 2005; Wang et al., 2007).
Expression of a functional ARP4 protein with an intact N-terminal domain is essential for the
normal expression of human p53. Alanine substitution at either the conserved Ser2 or Tyr6
residue in N-terminus of ARP4 inhibits human cell growth in culture, measured as reduced
colony formation and growth rate (Lee et al., 2005). Expression of the Ser2Ala or Tyr6Ala
forms show dramatically reduced transcription of p53. By contrast, the phosphomemetic form
with Ser2Asp and Tyr6Glu substitutions complemented loss of ARP4 function restoring both
normal cell growth and p53 expression levels to those of the parental cells. These data suggest
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that a phosphorylated form of ARP4 is essential for the control of the widely important activity
of p53. Thus, ARP4 appears to be essential to regulating a secondary modification of p53
protein that affects p53’s activity as a transcriptional activator (Wang et al., 2007).

The nuclear ARPs are ubiquitously expressed at low levels and have no known functions that
do not require their interaction with other subunits of chromatin remodeling complexes. Hence,
the few examples of ARP expression levels being regulated in diseased cells are intriguing.
Aging mice with the lethal yellow (LY) mutation in the agouti gene locus (Ay) show progressive
obesity and reproductive dysfunction, similar to women with polycystic ovary syndrome
(POS). When POS women are treated with insulin sensitizing agents like pioglitazone, they
often have improved ovulatory function. Transcriptional array data on AyLY mice treated with
pioglitazone revealed that a number of potentially important regulatory genes were
misregulated, including a 50% drop in ARP6 transcript levels (Brannian et al., 2008). It is
unknown if altered ARP6 levels affect insulin responsiveness or ovarian function. However,
any reduction in nuclear ARP levels is likely to have a significant effect on the chromatin
remodeling in these cells. We found, for example, that the Arabidopsis arp4-1 knockdown
mutation, with only a 40% reduction in ARP4 levels throughout the plant, dramatically altered
anther development and caused male sterility (Kandasamy et al., 2005a). Fission yeast
expressing a temperature-sensitive arp4 allele (alp5-1134) display serious mitotic phenotypes
at the nonpermissive temperature, including missegregation of chromosomes due to altered
structures in kinetochores (Minoda et al., 2005). These plant and fungal data suggest that
downregulation of ARP4 homologs in mammalian cells could result in cancerous cell growth.

ARP-containing chromatin remodeling and modifying complexes are essential to normal
epigenetic control of gene expression, chromosomal segregation, and DNA repair—basal
functions necessary to human health. Significant roles for nuclear ARPs and the numerous
other subunits of ARP complexes are emerging in cancer and many other human diseases. It
is likely that the impact of aging and environment on human disease, in particular, act via
nuclear ARP-mediated epigenetic controls.

8. Conclusions

Fungal, plant, animal, and many protist genomes encode several ancient classes of nuclear
ARPs that participate in large macromolecular machines directing chromatin dynamics. The
nuclear ARPs are variously required for the assembly and the activities of these complexes via
their binding to the HSA domains of Swi2- and Vid21-related proteins with helicase and
ATPase activities. The nuclear ARPs help these complexes bind to chromatin, and in the cases
of ARP4, ARP5, and ARP8, the ARPs appear to bind nucleosomal histones directly. Nuclear
ARP complexes carry out NR including nucleosomal phasing and HVE reactions and the
chemical modifications of histone termini. These activities exert an epigenetic control over
basal levels of transcription affecting cell division and proliferation in all eukaryotes, but in
particular, inanimals and plants neoplastic cell growth and multicellular development. Genome
integrity is maintained by the activities of nuclear ARP complexes in DNA replication,
chromosome segregation, and DNA repair. In Arabidopsis, developmental pathways affecting
nearly every plant tissue and organ and important organismal phase transitions require normal
levels of ARP4, ARP5, ARP6, and/or ARP7 expression, providing strong evidence for their
epigenetic role in multicellular development. In animals, among many roles, specific ARP-
containing complexes are essential to heart, T cell, and brain development, but most studies
on the nuclear ARPs themselves have been restricted primarily to cultured cells. Diverse
isoforms of ARP complexes in animals and plants may provide greater target gene specificity
and a wider variety of chromatin modifying activities than found in single-celled organisms
like yeast. We propose that the greater epigenetic control provided by increases in novel ARP-
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containing complex isoforms was a major factor in the macroevolution of new tissues and
organs in higher plants and animals.
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Figure 5.1.
Sectored colony color morphology of ARP4-defective yeast results from an epigenetic defect.

(A) Sectored colony color phenotype resulting from the loss of

a bg\gc d

ARP4 function in an ade2™

yeast strain containing the epigenetic reporter his4o-ADE2 (Jiang and Stillman, 1996). Portions
of two colonies where the his45-ADE2 reporter gene is “Off” (red) or “On” (white) are indicated
with arrows. This reporter with a dysfunctional promoter is normally “Off” producing red
colonies in ade2™ yeast cells. The reporter is turned “On” stochastically in arp4™~ yeast cells.
Photo, courtesy of David Stillman. (B) Normal HIS4 promoter and gene structure. (C) A model
showing the structure of the his46-ADE2 epigenetic reporter gene in relation to possible
changes in chromatin structure that render the gene transcriptionally “On” or “Off”.
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Figure 5.2.

Nuclear localization of five plant ARPs. The nuclear localization of Arabidopsis ARP4, ARP5,
ARP6, ARP7, and ARP8 were demonstrated using ARP-class-specific monoclonal antibodies
prepared against the various recombinant plant proteins or synthetic peptides. ARP4, ARP5,
ARPG, and ARP7 are concentrated in the nucleoplasm, while ARP8 is concentrated in the
nucleolus. For the ARP8 image, DNA staining with DAPI (red) is merged with the ARP8-
specific monoclonal antibody immunostaining (green). A control strip of root cells with
secondary antibody labeling is shown in the bottom panel.
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Potential and known NLS sequences among ARP4 polypeptides
ScARP4 193-LIKKALEPKE--IIPLFATIKQRK-—-—---- PEFIKKTFDYE
AtARP4 213-LLK-SLESKGIKIRPRYSFKRKEVRA----GEFQVEDVDIP
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HsARP4 (Bafb53) 202-QCRELFQEMAIDIIPPYMIAAKEPVREGAPPNWKKKEKLFPQ

TLARP4

216-KILNNLQKEQNTRVYPRYCLQFAKEGP

KKIDKYLE

Potential NES sequences among actin and nuclear ARP polypeptides

NES1 NES2
ScACT1 SLPHAILRIDLA DIKEKL-CYVALD
ScARP4 TLSKSTRRNFIA ECKETL-CHICPK
ScARPS GILTDAKRINWG MYKD-Y-CYVSRN
ScARP6 PYYKAVKKLDIG NIKEQC-LEFVSPV
ScARP7 VVKNAVVRSKEG YYKEQADIYAKQQ
ScARP8 VLEHSAITLDYG RLEKKNETTEFQDAD
ScARP9 QLDHLVSSIPMG SLKKSP-IFEVLS
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C
Potential N-terminal phosphorylation sites among ARP4 polypeptides

ScACT1 l-————- MDSEVAALVIDNGSGMCKAGEAGDDAP
HsARP4 (Baf53) 1-MS-GG--VYGGDEVGALVEDIGSYTVRAGYAGEDCP

ScARP4 1-MSNAALQVYGGDEVSAVVIDPGSYTTNIGYSGSDEP
AtARP4 l-———————- MYGGDEVSAIVVDLGSHTCKAGYAGEDAP
TtARP4 l-———==——- MFTEDITAIVVDPGSLSTIRAGYSGEDTP
CON S Y S Y

Figure 5.3.

Potential NLS, NES, and phosphorylation sites. (A) The proposed nuclear localization
sequences (NLS) in various ARP4s are underlined and appear to be only moderately well
conserved across the four eukaryotic kingdoms. The human (Hs), Arabidopsis (At), yeast
(Sc), and protist (Tetrahymena thermophila, Tt) sequences are compared. (B) Proposed nuclear
export sequences are compared among the yeast nuclear ARPs and actin and a consensus
(CON) sequence is given. (C) Potential N-terminal phosphorylation sequences in ARP4 class
members from the various kingdoms are compared to actin sequence. The conserved serine
(S) and tyrosine (Y) residues that may be phosphorylated are underlined.
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Figure 5.4.

Phylogenetic relationships among nuclear ARPs from the four eukaryotic kingdoms. The
phylogenetic relationships among the nuclear ARPs encoded by the animal (human, Hs), yeast
(Saccharomyces cerevisiae, Sc), plant (Arabidopsis thaliana, At), and protist (Dictyostelium
discoideum, Dd) genomes are illustrated. The four classes of nuclear ARPs—ARP4, ARP5,
ARP6, and ARP8—that are generally conserved among animals, plants, fungi, and some
protists are indicated. A few examples of orphaned ARPs are indicated by underlining. Clustal
was used to align the sequences. The phylogram presented used the unweighted pair-group
method with arithmetic means (UPGMA) to create the tree’s topography based on sequence
similarity (Tamura et al., 2007). The neighbor joining tree building method also yields a tree
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with very similar, but not identical, branching patterns. Human g-actin and Arabidopsis

ACTIN2 were used as conventional actin gene representatives from within the divergent
families of animal and plant actins.
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Figure 5.5.

Coding sequence insertions in ARPs with respect to amino acid positions in conventional
human g-actin. The locations of polypeptide insertions in the ARP4, ARP5, ARP6, and ARP8
classes that are conserved across all four eukaryotic kingdoms are shown. Numbered positions
refer to amino acids in human g-actin. Insertions in yeast orphaned ARPs—ARP7 and ARP9
—that are conserved in fungi are also shown for comparison.
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Figure 5.6.

Comparison of intron—exon structures for ARP4 genes across the four eukaryotic kingdoms.
The intron/exon structure of ARP4 genes from Arabidopsis (At), human (Hs, Baf53a gene),
protist (Dictyostelium discoideum, Dd), and yeast (Sc) genomes are compared. Coding exons
are shown as white boxes, introns as lines, and transcribed but untranslated flanking regions
(UTRs) in light gray boxes. The accession numbers of the particular transcript sequence
compared are AT1G18450.1, BAG51043, XP_640964, and NP_012454, respectively,
distinguishing these data from other possible transcript variants that exist for the plant and
animal sequences. Conserved intron—exon junction positions are indicated by dashed lines. To
generate these data, the intron positions identified from transcript and gene sequence
alignments were compared to the amino acid sequence alignment of the four ARP4 protein
sequences.
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Figure 5.7.

Nuclear ARP4 (Baf53) and actin bind the HSA domain of the Swi2-related Brg DNA-
dependent ATPase in the mammalian Swi/Snf BRG chromatin remodeling complex. This
model illustrates that s-actin and ARP4 bind Brg, and that the g-actin/ARP4/Brg subcomplex
binds to a second subcomplex containing several other Brg proteins to form an active
chromatin-remodeling machine (Lessard et al., 2007; Szerlong et al., 2008). A related model
may be proposed for a large number of chromatin-active complexes. Two nuclear ARPs or a
nuclear ARP and actin bind as heterodimers to the helicase-SANT (HSA) domain of the large
Swi2-related DNA-dependent ATPase subunit in chromatin remodeling complexes or the
Vid21-related helicase subunit in chromatin modifying complexes. Again, the ARP-containing
subcomplex then binds a second subcomplex with a larger number of subunits.
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Figure 5.8.

ARPG6- and ARP4-defective Arabidopsis plants misregulate the phase transition from vegetative
to reproductive growth. ARP6-defective plants flower early when grown under long- or short-
day growth conditions, while ARP4-defective plants flower early only when grown under long-
day conditions. (A) Twenty-day-old WT and arp6-1 (null) and arp6-2 (strong knockdown
allele) plants grown under long-day conditions. (B) Fifty-day-old WT and arp6-1 and
arp6-2 plants grown under short-day conditions. (C) Twenty-day-old WT and an ARP4 RNA
interference silenced line (ARP4-Ri) grown under long-day conditions. (D) Sixty-eight-day-
old WT and ARP4-Ri plant grown under short-day conditions. Long day = 16 h light/24 h.
Short day = 9h light/24 h. (E) A general outline depicting the flow of information for
developmental pathways under ARP-dependent epigenetic control. (F) Specific model for the
ARP4- and ARP6-dependent control of flowering time. ARP6-containing SWR1 complexes
potentiate the expression of the central repressor of flowering FLC. In ARP6 mutants when
FLC levels are down, the levels of the transcriptional activators of flowering FT, SOC1, LFY,
and AP1 are up and the plants flower early. ARP4-mediated epigenetic control of other high-
level regulators of flowering including PhyB and CO is proposed in this model.
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Figure 5.9.

ARP4- and ARP7-defficient Arabidopsis plants display delayed floral organ senescence and
abscission. (A) WT retains sepals and petals on only four to five flowers when grown under
long-day conditions. (B) A moderate ARP7 RNA interference knockdown line (7Ri) retains
petals and sepals after fertilization and even after the fruits are fully developed. (C) A strong
ARP7 RNAIi line (right) is relatively sterile and retains floral organs on all flowers as compared
to wild type (left). (D) Close-up examination of developing fruits in a moderate ARP4 RNA
interference line (4Ri) reveals retention of sepals and petals for a longer period than wild type
(WT, A). (E) A general pathway proposed for the ARP4- and ARP7-dependent epigenetic
control of floral organ senescence. A large number of transcription factors are known to control
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floral senescence and it is likely that the influence of age, nutrients, and temperature are
processed through ARP-dependent epigenetic mechanisms. ARP7-dependent chromatin
remodeling activities function downstream of ethylene perception, whereas the sites of ARP4s
activities are unclear (Meagher et al., 2007).
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Figure 5.10.

Nuclear ARP-defects alter the cell cycle and/or cell proliferation with effects on leaf
morphology. ARP4-, ARP5-, ARP6-, and ARP7-deficient Arabidopsis plants all produce
dwarf leaves, but the small organs result from different epidermal leaf cell morphologies. (A,
D, E) ARP4-defective RNAI lines (4Ri) produce very small leaves composed of mixtures of
small and tiny cells (E) compared to wild type (WT, D). (B, F) The ARP5-defective null mutant
arp5-1 displays small, elongated leaves with mixtures of large and small poorly lobed cells
and a significant excess of underdeveloped stomatal complexes relative to WT. (C, G) ARP7-
defective RNAI lines (7Ri) develop small curled leaves composed of a few normal sized cells
interspersed with large numbers of very small cells, as compared with the WT. (H-J) The ARP6
null mutant (arp6-1) produces small curled leaves composed of fewer cells, but of relatively
normal cell sizes and with only slightly reduced number of lobes relative to wild type. (D-G,
1, J) Scanning electron micrographs compare the epidermis of WT to ARP-deficient lines. All
light and scanning microscope images were prepared using the largest rosette leaves from 3-
week-old plants. (K) Possible pathways for epigenetic control of the cell cycle and endocycle
are outlined. The phenotypes of ARP4-, ARP5-, ARP6-, and ARP7-defective plants suggest
that cell division, cell expansion, and cell differentiation are under the influence of complex
epigenetic control. By this model, ARP-containing chromatin remodeling machines respond
to environmental influences and regulate the expression of transcription factors and signaling
proteins controlling the cell cycle, cell proliferation, and cell and organ development.
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Across kingdom comparisons of the amino acid lengths of four ARP classes of known
phylogenic origin

ARP
ARP4 (isovariant)

“

“ (Baf53a)
“ (Baf53b)

ARP5

(ARP9)

Species

Sc
Dd
Hs
Hs
At

Sc
Dd
Hs
At

Sc
Dd
Hs
At

Sc
Dd
Hs
At

length a.a.

498
440
429
426
441

755
684
607-620
726

438
490
396
420

881
873
624
596
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Table 5.2
Defects in Arabidopsis actin-related protein expression lead to numerous alterations in
multicellular development
Nuclear ARP defect
Phenotype ARP4 ARP5 ARP6 ARP7
Small leaves Yes Yes Yes Yes
Small leaf cells Yes Yes No Yes
Upward curled leaves No Yes No Yes
Excess stomata relative to other No Yes No No
epidermal cells

Delayed stomatal development No Yes No No
Flower early with long days Yes No Yes No
Flower early with short days No No Yes No
Small flowers and floral organs Yes Yes Yes Yes
Delayed floral senescence Yes No No Yes
Excessive root hairs ND Yes Yes No
Shortened root apical zone ND No Yes Yes
HU hypersensitivity Yes Yes ND ND
MMS hypersensitivity Yes Yes ND ND
Bleomycin hypersensitivity Yes Yes ND ND

ND, no data.
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