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Abstract

The eukaryotic nucleus is a congested place, and macromolecular crowding is thought to play an
important role in increasing the relative concentrations of nuclear proteins, thereby accelerating
the rates of biochemical reactions. Crowding is also thought to provide the environment needed
for formation of nuclear bodies/subcompartments, such as the Cajal Body (CB) and the Histone
Locus Body (HLB), via self-organization. In this chapter, we contrast the theories of stochastic
self-organization and hierarchical self-organization in their application to nuclear body assembly,
using CBs and HLBs as paradigms. Genetic ablation studies in Drosophila on components of CBs
and HLBs, have revealed an order to the assembly of these structures that is suggestive of a
hierarchical model of self-organization. These studies also show that function(s) attributed to the
nuclear bodies are largely unaffected in their absence, reinforcing an emerging theme in the field
that the purpose of these subdomains may be to enhance the efficiency and specificity of reactions.

The environment inside a cell is arguably as complex as the one outside the organism itself.
Although they perform a plethora of essential activities, the intracellular machineries that
execute these functions are not distributed randomly. A salient feature of eukaryotic cells is
the division of labor via compartmentalization, which is thought to increase both the rate and
the specificity of chemical reactions. Cells thus utilize membrane-bound organelles in order
to achieve a balance between productivity and quality control (Fig. 1).

Compartmentalization by the enrichment of factors associated with specific and/or related
biological pathways may occur as a “fundamental” property of the cell (as in the case of the
mitochondrion, which self-replicates) or as an “emergent” property, wherein compartments
form de novo. Irrespective of whether they represent fundamental or emergent properties,
each of these compartments may be further subdivided. Though compartments tend to
isolate pathways and functions in distinct domains, they must also function in coordination
with other compartments to maintain cellular homeostasis (Zhao et al. 2009). As a result of
this coordination, even “compartment-specific” factors are often shared among other
compartments. One such compartment that contains multiple subcompartments is the cell
nucleus (Leonhardt and Cardoso 1995; Lamond and Earnshaw 1998; Stein et al. 2003;
Pederson 2010).
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The eukaryotic nucleus is an intricate intracellular enclave that orchestrates the essential
functions of DNA replication, damage repair, transcription and RNA processing (Cremer et
al. 2006; Schneider and Grosschedl 2007). Nuclear subcompartments include chromosome
territories, nucleoli, Cajal bodies, histone locus bodies, speckles, paraspeckles, PML Bodies,
nuclear stress bodies perinucleolar compartments, etc. (Matera et al. 2009). Although our
understanding of the structural constitution and functional attributes of many cytoplasmic
compartments is fairly well established, the same cannot be said of a large number of
nuclear subdomains that have been identified to date (Spector 2006).

An in-depth analysis of nuclear compartments requires a basic understanding of their
intrinsic elements. For any given compartment, one can visualize at least three such
elements: (i) Establishing a compartment using basic building-blocks that specify the
uniqueness of that compartment, (ii) Targeting of reactants to the compartment. (iii)
Clearing the compartment of processed products to make way for a new round of
compartment-specific targeting. While these three aspects are relatively well understood for
cytoplasmic organelles, the field of nuclear compartments is still evolving in this regard. The
Cajal body represents an important paradigm for studies of the structure, function and
dynamics of nuclear subdomains.

Cajal bodies and snRNP biogenesis

Cajal bodies (CBs) can be viewed as the location where spliceosomal small nuclear
ribonucleoprotein (SnRNP) biogenesis begins and ends. CBs are conserved nuclear
subdomains containing high concentrations of the spliceosomal snRNPs, as well as the CB
markers coilin and Survival Motor Neuron (SMN), for review see (Matera and Shpargel
2006; Stanek and Neugebauer 2006; Matera et al. 2009). Transcriptionally active ShDRNA
gene loci are known to associate with CBs in an RNA-dependent manner (Fig. 2; Frey et al.
1999; Frey and Matera 2001; Dundr et al. 2007). Following export to the cytoplasm for
SMN-dependent assembly of the core RNPs, the newly-formed snRNPs are imported into
the nucleus, targeting to CBs for additional RNA modification and RNP remodeling steps
(Carvalho et al. 1999; Sleeman and Lamond 1999; Jady et al. 2003; Nesic et al. 2004;
Suzuki et al. 2010). CBs are also thought to be involved in the biogenesis of other classes of
RNPs, including small nucleolar (sno)RNPs and telomerase (Filipowicz and Pogacic 2002;
Verheggen et al. 2002; Tomlinson et al. 2006). In fact, CB homeostasis appears to depend
upon ongoing RNP biogenesis (Shpargel and Matera 2005).

Overexpression of sSnRNP components, and hence an increase in the kinetics of sSnRNP
biogenesis, leads to the formation of new CBs (Sleeman et al. 2001), whereas inhibition of
the snRNP biogenesis pathway negatively affects CB formation (Shpargel and Matera 2005;
Girard et al. 2006; Lemm et al. 2006). These observations implicate newly-assembled
snRNPs and the SMN complex as primary and essential components required for CB
assembly. In contrast, mature sSnRNPs are not thought to associate with the SMN complex
and they ultimately accumulate within the nucleoplasmic speckle compartment. Because
speckles fail to recruit other CB components, mature SnRNPs are thought to traffic through
extant CBs (Stanek et al. 2008), rather than contributing to their assembly. Components of
other nuclear pathways including snoRNPs, telomerase RNPs, and small Cajal body
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(sca)RNPs also appear to traffic through CBs, suggesting that they do not play a cardinal
role in CB formation (Matera and Shpargel 2006; Stanek and Neugebauer 2006).

Further evidence for the non-involvement of mature snRNPs in CB formation comes from
studies of cell division. Mature snRNPs that are released after nuclear membrane
disassembly return back to the newly-formed nuclei (G1 daughters) without accumulating in
CBs (Sleeman and Lamond 1999; Sleeman et al. 2003). The CBs that are formed in early G1
daughters are also devoid of SMN (Carvalho et al. 1999), suggesting that the newly-formed
snRNPs do not seed formation of CBs, at least in early G1 (Ferreira et al. 1994).

The situation in G1 daughters raises some important nomenclature questions. What
constitutes a CB? The nuclear bodies in G1 daughters contain coilin, but lack SMN and
splicing snRNPs. Thus they do not constitute classical CBs. However, the ability of coilin to
form nuclear bodies in early G1 cells suggests that coilin foci assemble independent of
mature SnRNPs, SMN and other factors involved in snRNP biogenesis. In contrast, coilin
organization into a CB becomes strictly dependent on SMN and ongoing snRNP assembly
later in the cell cycle (Sleeman et al. 2001; Shpargel and Matera 2005; Girard et al. 2006;
Lemm et al. 2006).

Bridging the dots: An evolutionary perspective

In adult mammalian cells, nuclear SMN and coilin colocalize completely in CBs, however,
SMN is not a constitutive CB component in fetal tissues (Young et al. 2000). In mammalian
fetal tissues (and certain transformed cell lines) SMN perferentially accumulates in twin
structures called Gemini bodies, or gems (Young et al. 2001). The formation of coilin-
positive, SMN-negative nuclear bodies in fetal cells (as well as in HeLa early G1 daughters)
echoes German naturalist Ernst Hackel's theory of recapitulation. In most tissues of the fly
(both larval and adult), SMN is not a constitutive component of CBs. In fact, coilin foci can
form in complete loss-of-function Smn mutants (Fig. 3). Thus SMN- and sSnRNP-
independent CB assembly (ontogeny) events in mammalian fetal tissues or early G1 cells
recapitulate what happens constitutively in invertebrates (phylogeny). Although SMN itself
has a strong influence on CB homeostasis in vertebrate cells, other members of the SMN
complex (i.e. Gemins) are not required for SMN recruitment to CBs (Shpargel and Matera
2005; Girard et al. 2006; Lemm et al. 2006). This is presumably because SMN binds directly
to coilin (Hebert et al. 2001; Hebert et al. 2002), whereas the Gemins do not. In any case, the
evolutionary correlations, similarities and differences included, between humans and flies
throws open some unique opportunities to delve into details.

The recent identification of structures in Drosophila nuclei that are related to CBs, known as
histone locus bodies (HLBSs), has helped to better understand the situation in vertebrates.
HLBs are so-named because they invariably colocalize with (or are adjacent to) the
replication-dependent histone gene cluster (Liu et al. 2006). HLBs are enriched in factors
required for histone gene transcription and pre-mRNA 3' end formation, including NPAT,
FLASH and the U7 snRNP (Fig. 2). The distinction between CBs and HLBs in flies is more
obvious, as the U7 snRNP and other factors involved in histone pre-mRNA processing
localize exclusively to HLBs (Liu et al. 2006; Liu et al. 2009). In contrast, though human
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cancer cells harbor CBs numbering up to 10 per cell, all of which contain the U7 snRNP,
only those that are associated with histone gene clusters contain factors required for histone
transcription and processing (Frey and Matera 1995; Pillai et al. 2001). In human primary
cells, however, U7 snRNP components colocalize exclusively with histone transcription and
processing factors (Ghule et al. 2009). The latter situation is reminiscent of that in flies, thus
helping to better classify these nuclear bodies into CBs and HLBs.

Cajal bodies and Histone locus bodies

The functional relationship between CBs and HLBs is not well understood, however, there
are tantalizing similarities between the non-coding snRNA genes and the replication-
dependent histone genes (Fig. 2). Both types of gene are transcribed by RNA pol Il
(Marzluff 2005; Egloff and Murphy 2008); transcripts are not polyadenylated despite the
presence of canonical poly-A signals (Marzluff et al. 2008); both transcripts share similar
RNA 3' processing reactions, although they are executed by different machineries (Weiner
2005); their genomic loci associate with distinct nuclear bodies that share dynamic
components such as coilin (Frey and Matera 1995; Jacobs et al. 1999). Furthermore, the U7
snRNP, which plays a key role in histone pre-mRNA processing, follows the classical
snRNP biogenesis and assembly pathway (Pillai et al. 2003; Azzouz et al. 2005), and may
traverse through CBs (Bellini and Gall 1998) prior to localizing within HLBs. Another
potential link between CBs and HLBs is the U2 snRNP, which has also been implicated in
histone pre-mRNA biogenesis (Friend et al. 2007). The Drosphila system will likely shed
more light on the structural and functional relationship between CBs and HLBs, as mutants
representing different steps in the ShRNP biogenesis and histone premRNA processing
pathways are identified.

Cajal body crosstalk and heterogeneity

The morphology and composition of nuclear bodies is subject to physiological and
developmental changes. This point is nicely illustrated using CBs and HLBs. As described
by Liu et al. (Liu et al. 2009), the degree of association between CBs and HLBs changes
between tissues and in the course of development (Fig.4). Importantly, this behavior is a
characteristic feature of a given tissue or developmental time point. For example, in the
Drosphila egg chambers, the CBs and HLBs largely remain as separate bodies during early
stages, but coalesce into a single body in later stages, suggesting the existence of regulatory
mechanisms.

Some of the well-characterized components of vertebrate HLBs include FLASH, NPAT,
ARS?2, etc. (see Fig. 2). Initial bioinformatic analyses failed to find homologs for FLASH
and NPAT in the fruitfly genome. However, Yang et al. (2009) recently identified the
Drosphila FLASH ortholog, showing it to be a component of the HLB and essential for
proper histone pre-mRNA processing. Subsequently, we and others identified multisexcombs
(mxc /CG12124) as the Drosphila NPAT (data not shown and Z. Dominksi, R. Duronio and
W. Marzluff pers. comm.). Similar to its mammalian counterpart, Drosphila NPAT
colocalizes with FLASH in HLBs in all tissues and developmental stages (Fig. 6A and data
not shown). Consistent with previous observations, NPAT- and FLASH-positive HLBs are
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distinct from CBs, but can colocalize with coilin in a tissue and development specific
manner.

CBs also show sensitivity to physiological alterations and/or environmental assaults. As the
temperature decreases, the size of CBs in cultured mammalian cells increases (Carmo-
Fonseca et al. 1993). Likewise, with an increase in temperature, the size of the CBs
decreases (Carmo-Fonseca et al. 1992). In Drosphila salivary glands from late third instar
larvae, the effect of heat shock on coilin is significantly different. Under normal conditions,
coilin colocalizes with HLBs in this tissue. Upon heat shock however, coilin becomes
delocalized from the HLB and can form ectopic or abnormal structures. This effect of high
temperature is specific to CBs, as HLBs remain unaffected (Fig. 5). Collectively, these data
suggest that the behavior of nuclear bodies can be defined not just spatiotemporally during
development, but also as a matter of physiological state.

The localization to CBs of proteins expressed in a tissue-specific manner or with tissue-
specific functions suggests that the CBs in different tissues vary in their composition. For
example, Drosphila ELAV, an RNA binding protein with neuronal specific functions
localizes to CBs (Yannoni and White 1997) and scaDnm46E3, a small CB associated RNA
(scaRNA\) of Drosphila germ plasm, localizes to CBs (Tortoriello et al. 2009). Further, the
protein product of the gene muscle wasted (mute), involved in Drosphila muscle
development, localizes to HLBs, although this localization was also seen in non-muscle cells
(Bulchand et al. 2010).

The tissue-specific localization of factors to CBs is not confined to flies. An isoform of
Amyloid-f Protein Precursor (ABPP) Intracellular Domain-Associated Protein-1 (AIDA-1d)
translocates to CBs upon activation of NMDA receptors at the neuronal synapse (Jordan et
al. 2007). Another isoform, AIDA-1c, shows brain-specific expression and localizes to CBs
through its interaction with coilin (Xu and Hebert 2005). The localization of membrane-
bound Zprl and AIDA-1 to CBs is signaling dependent. Zprl interacts with the SMN
complex upon EGF receptor activation and subsequently localizes to CBs (Galcheva-
Gargova et al. 1996; Gangwani et al. 2001). Thus, in addition to tissue-specific differences
in the composition, CBs can change their inhabitant proteins in response to cell signaling
events.

Self-organization of Nuclear Bodies

“Self-assembly” is a model proposed for the formation of macromolecular machineries
(Camazine et al. 2001; Misteli 2001; Misteli 2007; Matera et al. 2009). Self-assembly
applies to processes wherein pre-existing components of a disordered system are organized
into a structure or pattern as a result of local interactions without external influence. Based
on whether the assembly is static or dynamic, it is often classified in two ways. Static self-
assembly, or “self-assembly” proper, refers to a state of order that emerges when the system
approaches stable equilibrium with minimal free energy. In other words, static self-assembly
refers to the aggregation of molecules into stable and well-defined complexes that are
essentially glued into place by strong intermolecular interactions. For example, viral capsid
proteins can be assembled into stable complexes from their constituents in the absence of
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auxiliary factors or external influences (Zlotnick 1994). In contrast, dynamic self-assembly,
which is also referred to as “self-organization” refers to patterns that emerge by specific
local interactions between pre-existing components wherein the system is said to achieve a
steady-state, requiring a constant flow of components through the structure. In the context of
the cell, self-organization is “the capacity of a macromolecular complex or organelle to
determine its own structure, based on the functional interactions of its components” (Misteli
2001). Many nuclear compartments are thought to arise by self-organization. In this chapter,
self-assembly refers to static self-assembly and self-organization refers to dynamic self-
assembly.

Self-organized patterns are brought about by two different mechanisms. (i) By stochastic
means, wherein no specific order to the assembly of its components is necessary. (ii) By an
ordered or hierarchical assembly, with factors recruited one after the other, and recruitment
of a subsequent component depends on recruitment of the preceding component.

Stochastic self-organization

In the context of nuclear bodies, the stochastic model for self-organization is exemplified by
the recent report of Kaiser et al. (2008) who used a genomic tethering assay to analyze
individual CB components for their abilities to nucleate formation of a nuclear body. The
approach utilizes the lac repressor/operator system to tether a given CB component to a
single genomic locus in order to test its ability to recruit the other components and thus self-
organize a CB. Though this technical advancement is experimentally elegant, it suffers from
a serious drawback. The main problem is that the act of tethering a given CB component to
DNA using the lac repressor fusion is tantamount to creating a dominant/gain-of-function
mutation (in this case DNA binding). The evidence suggests that the tethering system
faithfully recapitulates the normal protein-protein interactions that otherwise take place
within a CB (Kaiser et al. 2008), however, it is rather more like performing a biochemical-
pulldown experiment in situ than it is a model for nuclear body formation. The stochastic
nature of protein-protein interactions within cells is not at issue here. Instead, the question is
whether tethering a normally dynamic component to a chromosome creates an artificial
situation that does not faithfully reproduce the CB nucleation event.

Stochastic self-organization fails to explain why in some tissues CBs and HLBs are
organized specifically as a single ‘organelle’ and while in others as two separate entities
(Fig. 4). Implicating the presence or absence of a tissue-specific ‘sticky” factor to assemble
CBs and HLBs as one or two separate nuclear bodies places that sticky protein at the top of
a hierarchy. Furthermore, the presence of ‘residual’ CBs in cells derived from coilin
knockout mice (Tucker et al. 2001; Jady et al. 2003) suggests that although coilin is required
to recruit splicing SnRNPs and the SMN complex in order to constitute a proper CB, other
CB components (e.g. SnoORNPSs) self-organize into other nuclear bodies in the absence of
coilin. By implication, these residual CBs could act as one of the initial, upstream steps in a
hierarchical assembly pathway upon which coilin pulls together a full-fledged CB.
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Hierarchical self-organization

In a “hierarchically ordered” assembly pathway, components are recruited in sequential
order to an initial stochastic seed, churned out of nuclear chaos, to elaborate a higher order
structure. Hierarchical assembly within a stochastic molecular crowd seems self-
contradictory at first but is, in fact, complementary. Biological systems have reiteratively
used this model in building various macromolecular assemblies such as spliceosomes
(including the U4/U6 di-snRNP), ribosomes, the exon-junction complex and cell-matrix
adhesion complexes (Nottrott et al. 2002; Zaidel-Bar et al. 2004; Gehring et al. 2009; Staley
and Woolford 2009). These macro-molecular assemblies are reportedly built de novo , from
scratch, with the initial events being purely stochastic, leading to final higher-order
structures built by hierarchically ordered recruitments.

An implication of this model is that disassembly should follow the reverse order of
assembly. Contrastingly, in stochastic self-organization, both assembly and disassembly
should be random. Though little is known about the disassembly of nuclear bodies,
disassembly of mitotic counterparts of nuclear speckles (called mitotic interchromatin
granules, or MIGS) is instructive in this regard. Rather than being stochastic, disassembly of
MIGs at the final stages of mitosis occurs with each component released and subsequently
imported into the daughter nuclei in a reproducible, hierarchical order (Prasanth et al. 2003).

The stochastic self-organization model requires that many, if not all, nuclear body
components should be sufficient to nucleate body formation. In contrast, if bodies form
hierarchically, only “upstream” components should be able to nucleate formation of a body.
The time-honored way to study a biological pathway is not by using gain-of-function
mutants, but by biochemical reconstitution or genetic loss-of-function studies. In the
paragraphs below, we'll explore what the latter approach has told us.

Genetic dissection of HLB assembly

Null mutations in Drosphila coilin cause CB disassembly but do not affect the organization
of HLBs (Liu et al. 2009), consistent with the observation that depletion of coilin by shRNA
in human cells does not affect colocalization of HLB markers, FLASH and NPAT (Barcaroli
et al. 2006a; Barcaroli et al. 2006b). Thus, coilin has little effect on HLB formation. In fact,
HLB-like foci remain detectable even in the background of a histone gene cluster deletion
(White et al. 2007). These findings raised the question of whether there is a critical
component upon which HLB assembly depends.

The search for an HLB nucleator began by employing mutations in known components of
HLBs, including NPAT, FLASH and the U7 snRNP (Fig. 6). In null mutants for U7 snRNA,
both FLASH and NPAT could still be detected at the HLB. In FLASH mutants, U7 ShnRNP
was delocalized from the HLB, however, NPAT could still be detected at the body. Finally,
a hypomorphic mutation in NPAT (mxc®43) | causes delocalization of both FLASH and the
U7 snRNP (as detected by staining for Lsm10). Collectively, the data show that NPAT is a
critical factor, without which downstream factors do not accumulate in HLBs (Fig. 6).
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Placement of FLASH upstream of U7 sSnRNP in the heirarchy of HLB formation has
interesting implications for the relationship between HLBs and histone processing. For
example, based on the biochemical data, it has been proposed that U7 snRNP recruits the N-
terminal fragment of human FLASH to histone pre-mRNA during processing (Yang et al.
2009). Assuming FLASH and U7 snRNP recruitment to the histone pre-mRNA is not
concomitant, but sequential (U7 snRNP followed by FLASH), this biochemical result places
U7 snRNP upstream of FLASH during processing, whereas U7 snRNP is downstream of
FLASH in HLB formation. Even if FLASH and U7 snRNP recruitment to the histone pre-
MRNA processing machinery is concomitant, then the sequence by which an HLB is built is
obviously different from the cascade through which factors are recruited by the histone pre-
mMRNA processing machinery.

Given the fact that NPAT (mxc®43) mutants are viable (albeit female sterile), the absence of
proper HLBs suggests that the structure per se is dispensable for life. Furthermore,
hypomorphic mutations in histone stem-loop binding protein (SLBP; Sullivan et al. 2001)
and FLASH (our unpublished observations), as well as null mutations in U7 sSnRNA
(Godfrey et al. 2006) are viable. This is thought to be due to the fact that mutations in these
factors result in the generation of polyadenylated histone mMRNAs, which rescue zygotic
viability. Thus, in the absence of a full complement of histone pre-mRNA processing
factors, the animals can reach adulthood. These data strongly argue for the dispensability of
HLBs, at least in Drosphila.

Histone pre-mRNA processing regulates CB organization

Though the organization of HLBs is independent of coilin or CBs as seen in coilin mutant
flies, the two structures associate/colocalize with each other in a developmentally regulated
manner. During later stages of Drosphila oogenesis (stages ~9-12), markers for CBs and
HLBs completely colocalize, whereas they are typically separate structures during earlier
stages (Liu et al. 2009). However, in ovaries from mutants of histone pre-mRNA processing
factors, including U7 snRNP, SLBP and FLASH (Fig. 7), coilin is organized in the form of a
‘cloud’ that invariably clusters around the HLBs. In contrast to histone pre-mRNA
processing mutants, NPAT hypomorphs (mxc®43) show a pan-nuclear distribution of coilin,
with no identifiable CBs (Fig. 7) and no effects on histone H3 pre-mRNA processing,
although overall expression is reduced (Fig. 6). Furthermore, no effect on CB organization
(in larval stages) was observed in lethal alleles of NPAT (mxc®48). Collectively, the data
show that the reorganization of coilin into micro-foci around the HLBs is specific to defects
in histone pre-mRNA processing, rather than histone transcription. While no biological
reason for the “coilin cloud’ phenotype is currently known, these data imply a relationship
between the function of histone pre-mRNA processing and CB organization.

Conclusions

Knockout experiments in mice have shown that coilin and CBs are not absolutely essential
for life, but their absence affects overall fitness, with major effects on the fecundity and
viability of inbred strains (Tucker et al. 2001; Walker et al. 2009). The Drosphila coilin null
mutants display no obvious abnormalities, despite having no CBs (Liu et al. 2009). These
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observations are surprising in the light of the high conservation of CBs across the
evolutionary ladder. However, they suggest that CBs provide added specificity and
efficiency to snRNP assembly and modification reactions, rather than being critical for the
occurrence of these activities. In this context, the observations made in coilin-depleted
zebrafish embryos are more compelling. Depletion of coilin in zebrafish embryos leads to a
loss of CBs, and developmental arrest, but can be rescued by the addition of pre-assembled
SsnRNPs (Strzelecka et al. 2010). Perhaps at the early embryonic stages, the demand for
snRNPs is sufficiently high that the lack of efficiency in their assembly in the absence of
CBs has a negative impact on development. Based on the studies of CBs, we can postulate a
similar function for Drosphila HLBs. A mutation in the histone transcription factor NPAT
(mxc®43), disrupts its ability to recruit FLASH, a processing factor, to the HLB. Despite the
complete delocalization of FLASH (and other downstream HLB components) in this
background, histone pre-mRNA 3' end processing is unaffected (Fig. 6). Whether the overall
reduction in histone MRNA levels observed in these mutants is due to a bottleneck in pre-
mMRNA processing or if it is caused by a decrease in transcription initiation has yet to be
shown.

Observations from the various model organisms have not only been enlightening in terms of
the function of CBs and HLBs, but also in their assembly. It is widely believed that these
structures assemble via self-organization, however, whether this occurs in a stochastic or
hierarchical manner is a matter of debate. Our studies using Drosphila loss-of-function
mutations have revealed the existence of a putative nucleator (NPAT) of HLBs, and a
sequence to the recruitment of factors to the HLB. Although the initial seed for assembly of
these nuclear bodies may well be stochastic, the subsequent recruitment of factors
exemplifies a hierarchical model of self-organization.
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Figure 1.
The yin yang of compartmentalization. In order to achieve greater productivity (efficiency),

systems typically must sacrifice on quality control (specificity). Cellular
compartmentalization promotes a balance beteween these two opposing forces.
Compartments can increase reaction rates by physically bringing together molecules and
promoting interactions between them. At the same time, they provide greater specificity by
decreasing the frequency of unwanted interactions.
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Figure2.
Comparison of the organization and components of Cajal bodies (CBs) and Histone locus

bodies (HLBs). A number of striking structural and functional parallels are apparent. Both
CBs and HLBs are known to associate with specific genetic loci (although the association of
CBs with snRNA loci is known only in mammals). Factors involved in transcription,
processing and export of specialized non-polyadenylated transcripts (SnRNAs and histone
mRNASs) accumulate in and around these structures in both vertebrates and invertebrates.
Nascent pre-snRNA and histone pre-mRNA are shown emerging from RNA polymerase Il
(Pol I1) and processing factors are shown in hypothetical arrangements. A number of
putative factors (question marks) are also depicted. A partial list of components of each
body is shown below the cartoons, some of which may not be present in every species.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2014 June 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rajendra et al. Page 16

coilin coilin/ FLASH

SMN | ===

Tubulin |y S

Figure 3.
Drosphila Cajal bodies form in the absence of SMN. (A-D) Salivary glands and Malpighian

tubules from wild-type, WT (+/+; A,C) and Stn®/Smn*’ null mutant (-/-; B,D) larvae.
Early third instar larvae were stained for CBs with coilin (green) and HLBs with FLASH
(red). At this stage, the mutant animals show a complete loss of SMN as detected by
Western analysis (E). Note that some nucleolar accumulation of coilin is observed in the
salivary glands of mutant animals, similar to that seen in vertebrate cells that have been
depleted of SMN (Shpargel and Matera, 2005). Scale bar is 10um.
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Figure4.
The behavior of nuclear bodies in relation to one another, and to other components of the

nucleus, is characteristic of the tissue as well as developmental stage. (A and B) CBs
(labeled green by coilin) and HLBs (labeled red by FLASH) colocalize in the salivary
glands and Malpighian tubules of wandering (late) third instar larvae. In contrast, CBs and
HLBs remain separate in salivary glands from early stage larvae (see also Fig. 5A),
emphasizing the dependence of nuclear body behavior on developmental time as well as cell
type. (C and D) The body wall musculature and fat bodies are shown as examples of tissues
where CBs and HLBs remain as separate bodies in wandering third instar larvae. DAPI
staining is included in the bottom two panels to mark the nuclei. Scale bar is 10 um.
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Effects of heat shock on coilin (green) and FLASH (red) in salivary glands from late third

instar larvae. In WT salivary glands (without heat shock), coilin and FLASH always
colocalize (A). After heat shock at 37°C for 45 min., although localization of FLASH
(HLBs) remains unaffected, coilin fails to localize or be recruited to HLBs with (B) or
without (C) forming ectopic bodies. Occasionally, residual amounts of coilin can be
detected at the HLB. At times, aberrant coilin-positive structures are seen that are not

observed under normal conditions (D). Scale bar is 10 um.
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Figure6.
HLB components are assembled in a sequential (hierarchical) manner. (A) WT nurse cells

from stage 9 egg chambers stained with FLASH (red) and NPAT/mxc (green) show
complete colocalization of the two proteins at the HLB. Lsm10 also localizes to the HLB
(Liu et al., 2009 and data not shown) (B and C) In NPAT (mxc®43) mutant nurse cells
FLASH (red, B) and Lsm10 (red, C) do not form a nuclear body (HLB). (D) NPAT (green)
localizes to HLBs in the absence of FLASH (red) in FLASHL1602 mytant nurse cells. (E) In
contrast, Lsm10 (red), a component of U7 snRNP, fails to localize to HLBs in FLASH
mutants. (F and G) In nurse cells from a null mutant of U7 snRNA, both NPAT (red, F) and
FLASH (red, G) are present at the HLB. It should be noted that the morphology of the HLBs
is affected in all the mutants described. DAPI (blue) shows the nuclei. Scale bar is 10um.
(H) From these observations a hierarchy for the recruitment of proteins to the HLB can be
established. (I and J) Northern blots for histone H3 mRNA on ovaries from NPAT (mxc®43)
and FLASHLL1602 mytants. NPAT mutants (1) show reduced levels of histone H3 mRNA,
but no mis-processing, despite the absence of intact HLBSs. In contrast, the loss of a
processing and HLB component, such as FLASH, (J) results in mis-processed histone H3
MRNA, suggesting that the HLB per seis not essential for processing.
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coilin coilin / FLASH

Figure7.
Histone processing defects affect the localization of coilin in Drosphila. (A) Stage 9-10

nurse cells from WT flies stained with coilin (green) to label CBs and FLASH (red) to label
the HLBs. The right panels show staining for coilin alone and the left panels show the
colocalization of coilin and FLASH. At these stages coilin and FLASH colocalize
completely. (B and C) Nurse cells from histone pre-mRNA processing mutants, S_LBP and
U7 snRNA, respectively, showing the delocalization of coilin into micro-foci around the
HLBs (the “coilin cloud’ phenotype). Note that, in the U7 mutants, FLASH localizes to
HLBs but also shows an abnormal distribution throughout the nucleus. (D) Nurse cells from
hypomorphic mutants (mxc®43) in the histone transcription factor, NPAT, show an absence
of CBs, with a pan-nuclear distribution of coilin after stages 9-10 of oogenesis. In these
mutants, FLASH also fails to accumulate in nuclear foci.
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