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ABSTRACT

Metazoan replication-dependent (RD) histone genes encode the only known cellular mRNAs that are
not polyadenylated. These mRNAs end instead in a conserved stem-loop, which is formed by an
endonucleolytic cleavage of the pre-mRNA. The genes for all 5 histone proteins are clustered in all
metazoans and coordinately regulated with high levels of expression during S phase. Production of
histone mRNAs occurs in a nuclear body called the Histone Locus Body (HLB), a subdomain of the
nucleus defined by a concentration of factors necessary for histone gene transcription and pre-
MRNA processing. These factors include the scaffolding protein NPAT, essential for histone gene
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transcription, and FLASH and U7 snRNP, both essential for histone pre-mRNA processing. Histone
gene expression is activated by Cyclin E/Cdk2-mediated phosphorylation of NPAT at the G1-S
transition. The concentration of factors within the HLB couples transcription with pre-mRNA
processing, enhancing the efficiency of histone mRNA biosynthesis.

Proper utilization of genetic information in eukaryotes
requires extensive three-dimensional organization of the
genome and its associated proteins within the nucleus.
The basic unit of genome organization is the nucleosome,
an octamer of two molecules of each of the four core his-
tone proteins (H2A, H2B, H3 and H4) that packages
~147 base pairs of DNA. In mammalian cells, approxi-
mately 4x10° molcules of each core histone must be syn-
thesized during S phase of the cell cycle to package the
newly replicated DNA. Defects in this process result in
genome instability that can contribute to human patholo-
gies like cancer. Histone protein synthesis results from a
large increase in production at the beginning of S phase
of equal amounts of mRNAs encoding the four core
nucleosomal histones, as well as histone HI1. This highly
coordinated gene expression event is performed by a set
of transcription and pre-mRNA processing factors unique
to replication dependent (RD) histone mRNA biosynthesis
that assemble into a nuclear body tightly associated with
RD histone genes called the histone locus body (HLB).
HLB formation involves a combination of ordered and
stochastic assembly steps, and cell cycle regulated changes
in the HLB occur to activate histone gene expression dur-
ing S phase. Here we describe the history of how the
HLB was discovered followed by a discussion of HLB
assembly mechanism and how the HLB functions in RD
histone mRNA biosynthesis.

Discovery of the Histone Locus Body: a nuclear body
dedicated to replication dependent histone mRNA
biosynthesis

Metazoan histone genes have unique properties

RD histone genes differ from all other genes in animal cells in
several important ways. First, animal genomes contain multiple
copies of each of the 5 different RD histone genes. There are
over 100 gene copies in Drosophila melanogaster," 400 in sea
urchins,>* and 10-20 in mice and humans.> Second, RD his-
tone genes have remained tightly physically clustered through-
out evolution, unlike other genes (e.g. E2F targets) that are
coordinately regulated during the cell cycle. The tight clustering
of genes encoding different proteins suggests that there has
been selective pressure during evolution to maintain a local
environment in the nucleus (i.e. the HLB) that is optimal for
histone mRNA biosynthesis. Third, RD histone genes encode
the only eukaryotic cellular mRNAs that are not polyadeny-
lated, ending instead in a conserved stem-loop sequence.®’
Hence they require a set of factors dedicated to histone mRNA
biosynthesis. Because RD histone genes do not contain introns,
only a single pre-mRNA processing step, an endonucleolytic
cleavage that produces the 3" end, is needed to form mature his-
tone mRNA (Fig. 1A). This processing reaction requires two cis
elements, a stem-loop that binds stem-loop binding protein
(SLBP) and a purine-rich sequence just downstream of the
cleavage site termed the Histone Downstream Element (HDE)®
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Figure 1. Processing of histone pre-mRNA. (A) The histone pre-mRNA processing
reaction. As the 3’ end of the histone mRNA is transcribed, SLBP binds to the
stem-loop and the U7 snRNP binds to the HDE through base-pairing between the
5 end of U7 snRNA and the Histone Downstream Element. This binding is stabi-
lized by interaction of U7 snRNP with SLBP. The U7 snRNP consists of the U7 snRNA
and 7 Sm proteins including Lsm10 and Lsm11, which replace SmD1 and SmD2 of
the spliceosomal snRNPs. FLASH binds to Lsm11, and the FLASH/Lsm11 complex
recruits the histone cleavage complex (HCC; blue) containing the Symplekin/
CstF64 heterodimer and the CPSF73/CPSF100 heterodimer (dark blue). Cleavage of
pre-mRNA is catalyzed by CPSF73. Other CPSF components are bound to the HCC
but they may be sub-stoichiometric and not essential for processing (light blue).
(B) U7 snRNP and FLASH are constitutive components of the HLB. In G1-phase
they are either present separately or bound together in an inactive form. Process-
ing is activated only during S phase after recruitment of the HCC by FLASH and U7
snRNP.

that binds the 5 end of U7 snRNA via base pairing.”'® U7
snRNA is part of the U7 snRNP, which assembles the process-
ing machinery within the HLB. The only known functions of
SLBP and U7 snRNP are in histone mRNA metabolism.

Histone mRNA biosynthetic factors are concentrated in a
unique nuclear body

Following the identification of U7 snRNA by the Birnstiel,
Schumperli, and Steitz laboratories as a processing factor for
sea urchin and mouse histone mRNA,”'* Joe Gall’s laboratory
found that U7 snRNA is concentrated near the histone genes in
amphibian oocytes.'>'* These bodies were termed “C snurpo-
somes” and are distinct from particles containing the snRNPs
required for mRNA splicing. In Xenopus oocytes C snurpo-
somes contain over 95% of the U7 snRNA in the oocyte and
lack spliceosomal snRNAs."” The role of C snurposomes in
oocytes is not clear. They might participate in the synthesis of
the large store of histone mRNA produced earlier in oogenesis
and/or serve as a stockpile of factors to allow histone mRNA
synthesis in embryos at the mid-blastula transition. Subse-
quently, the Matera laboratory identified U7 snRNA-contain-
ing nuclear bodies in mammalian cells that were only found at
the RD histone gene loci.'® Many of these bodies also contained
Coilin, which had been defined as a marker of the Cajal body."”
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Thus, the interpretation of these initial data was that there is a
special Cajal body associated with RD histone genes.

The explicit recognition that the nuclear body associated with
RD histone genes was distinct from the Cajal body and other
nuclear bodies came from a 2006 study by the Gall laboratory
showing that U7 snRNP localized to a specific nuclear body at the
Drosophila RD histone genes."® The core of snRNP particles is
composed of an snRNA bound to a ring of seven highly conserved
Sm proteins.'” The core U7 snRNP particle differs from other
snRNPs in the composition of the Sm ring. The U7 snRNP consists
of the small (55-70 nt) U7 snRNA bound by a ring of 7 Sm pro-
teins, five of which are also found in the Sm ring that binds to the
spliceosomal snRNAs. The other two, Lsm10 and Lsm11, replace
SmD1 and SmD2 and are found only in U7 snRNP.*>*' Liu et al.
expressed transgenic YFP-Lsm11 and found that it concentrated in
a histone gene-associated nuclear body that also contained U7
snRNA and Lsm10'®. They named this structure the “histone locus
body” and showed it was distinct from the Drosophila Cajal body,
which they detected by co-localized U85 scaRNA, U2 snRNA, or
YFP-tagged SMN protein, and subsequently with anti-Coilin anti-
bodies after they identified Drosophila Coilin.”* Shortly thereafter,
Cajal bodies and HLBs were shown to be distinct structures also in
mammalian cells.”>** Although Coilin is sometimes observed at
HLBs in both Drosophila and mammalian cells,'**>%” HLBs that
do not contain Coilin are frequently observed. Moreover, genetic
experiments show that HLB assembly occurs normally in the
absence of Coilin.”>*® Conversely, disruption of the HLB does not
eliminate formation of Coilin-marked Cajal bodies, although it can
alter their appearance, perhaps because of effects on cell cycle pro-
gression.”®>° Thus, the cytological and genetic evidence indicates
that HLBs and Cajal bodies are distinct nuclear structures (Fig. 2A,
B), with Cajal bodies involved in snRNP metabolism and HLBs in
histone mRNA metabolism.

Another seminal observation that ultimately helped define the
HLB was the discovery by the Harlow laboratory of NPAT as a
Cyclin E/Cdk2 substrate that promoted S-phase entry.”! Work
from the Harlow and Harper laboratories showed that NPAT
concentrated in foci that localized to histone genes and was neces-
sary for histone gene expression.”>”” These and subsequent stud-
ies demonstrated that NPAT is phosphorylated by Cyclin E/Cdk2
as cells approach entry into S-phase, resulting in activation of his-
tone gene expression. The foci observed in this early work were
clearly what we now know as HLBs, and NPAT together with U7
snRNP have become definitive markers for the HLB.

Our laboratories identified the product of the multi-sex
combs gene (mxc) as the Drosophila ortholog of NPAT.*
NPAT/Mxc is a scaffolding protein for the HLB, and may also
directly participate in histone gene expression. The N-terminus
of NPAT activates histone gene promoters 3-4-fold in reporter
assays,” but mutations in NPAT that interfere with this activity
do not affect the ability of full length NPAT to support histone
gene expression, suggesting that the role of NPAT is more com-
plex than simply participating in activation of transcription.*
Consistent with its critical role in histone gene expression,
NPAT is essential for cell viability and for both mouse and
Drosophila development.’****” In pursuing the serendipitous
observation of Brian Calvi and Allan Spradling that a monoclo-
nal antibody raised against mitotic phosphoproteins from
HeLa cells (MPM-2) detected nuclear foci in Drosophila
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Figure 2. Visualization of the HLB by immunofluorescence. (A) Hela cell stained
with antibodies recognizing Coilin (red) to detect Cajal bodies or FLASH (green) to
detect HLBs. Note in this cell line these two bodies are distinct, although occasion-
ally Coilin can be detected in the HLB (arrowhead). The number of HLBs in cultured
cells depends on the ploidy. (B) Hela cell stained with antibodies recognizing
NPAT (red) or FLASH (green). Large HLBs correspond to the Hist1 cluster and
smaller HLBs to the Hist2 cluster. Panels A and B were reproduced with permission
from reference 42. (C) A Drosophila syncytial embryo stained with antibodies rec-
ognizing Mxc (red) and FLASH (green) and lamin (magenta; merged image). The
chromosomes either are paired and nuclei contain one large HLB, or are separated
and nuclei contain 2 smaller HLBs. (D) A Drosophila salivary gland cell stained with
antibodies recognizing Mxc (red) and Lsm10 (green). Note that the HLB forms on
the histone locus on polytene chromosomes. In all merge panels DNA is stained
with DAPI (blue). © Elsevier. Reproduced by permission of Elsevier. Permission to
reuse must be obtained from the rightsholder.

ovarian follicle cells only when Cyclin E/Cdk2 was active,”® we
found that the MPM-2 foci contained Lsm11 and localized to
the histone genes, indicating that the MPM-2 antibody recog-
nized a component of the Drosophila HLB.* We subsequently
determined that MPM-2 recognizes a Cyclin E-Cdk2 depen-
dent phosphoepitope on Mxc (multi sex combs), identifying
the product of the mxc locus as the Drosophila ortholog of
human NPAT.> As both NPAT and Mxc are targets of Cyclin
E/Cdk2, activation of Cyclin E is thus essential for initiation of
both DNA replication and histone mRNA expression,*® effec-
tively coordinating these two events.

An expanding list of HLB components

Additional HLB components have been identified in a number
of ways, including immunofluorescence with antibodies raised

against newly identified proteins, genome-wide RNAi screens
for factors required for histone pre-mRNA processing or HLB
formation, and biochemical characterization of factors involved
in histone gene transcription and pre-mRNA processing
(Table 1). An example is FLASH, a large protein with low
complexity regions that was identified by De Laurenzi and co-
workers as concentrating in nuclear bodies containing NPAT
and shown to be essential for cells to enter S-phase.”®*' The
Marzlufft laboratory subsequently identified FLASH in a two-
hybrid screen for proteins that interact with the N-terminus of
Lsm11 and showed that it was essential for histone pre-mRNA
processing.*> A second example is muscle wasted (Mute), dis-
covered by the Chia lab in a screen for factors required for mus-
cle development and shown to concentrate in the HLB,* as does
its mammalian ortholog YARP.** Mute may function as a nega-
tive regulator of histone gene expression.*> Dominski and col-
leagues also showed that cleavage of histone pre-mRNA is
catalyzed by CPSF-73, the same protein that catalyzes cleavage
of pre-mRNAs encoding poly(A) mRNAs, demonstrating a role
for polyadenylation factors in histone pre-mRNA processing,*
including Symplekin*® and CPSF100.**** These discoveries
opened up new avenues for understanding histone pre-mRNA
processing and HLB composition and assembly.

As determined by immunofluorescence studies, HLB pro-
teins can be grouped into at least two general categories: those
that are present in the HLB throughout the cell cycle and that
are not detected at other sites in the nucleus, and those that are
recruited to the HLB during S phase when the RD histone genes
are expressed. NPAT/Mxc, FLASH and U7 snRNP are factors
in the first category that best define the HLB. The S phase cate-
gory has been largely studied in Drosophila, where HLBs can
be visualized in a developing organism and there is much
tighter transcriptional regulation of histone genes than in
mammals.*’ This category includes proteins required for gen-
eral RNA synthesis such as TBP and RNA pol II,>>*** the
elongation factor Spt6,* transcription factors like Myc,”" and
factors required for histone pre-mRNA processing like Symple-
kin.*>* These proteins are also present in the nucleoplasm
throughout the cell cycle because they also function in general
mRNA biosynthesis (e.g., Symplekin) or in the expression of
other genes (e.g., Myc). The recruitment of these factors to the
HLB may be triggered or influenced by cell cycle regulated sig-
nals, including phosphorylation of NPAT/Mxc by Cyclin E/
Cdk2. HLB components likely exchange continuously between
the HLB and the nucleoplasm, as do components of the Cajal
body, but the rates of exchange can vary for different compo-
nents.*>*>>* Finally, some HLB components are not detected in
all HLBs (e.g., Coilin and the chaperone protein Cpnl10) or are
also recruited to other nuclear bodies (e.g., the Cajal Body in
the case of Coilin).'®**

Interestingly, several genes encoding Drosophila HLB com-
ponents were originally discovered in genetic screens as muta-
tions that affect organ development. The best examples are
mute and mxc. The mxc locus was identified by hypomorphic
mutations that cause homeotic transformation of adult male
legs, and consequently mxc was originally classified as a poly-
comb group gene.”® Only more than a decade later did we
show it encodes the Drosophila ortholog of NPAT.**> Mute was
identified as a gene required for muscle development during
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Table 1. Proteins that can concentrate in the HLB and their role in histone gene expression.

Component Function during histone mRNA biosynthesis Organism Reference
NPAT / Mxc Transcription initiation/HLB assembly Human, Mouse, Drosophila 2627,32
HiNF-P Transcription initiation Human 8
RNA Pol II Transcription Xenopus, Drosophila 254950
TBP Transcription initiation Drosophila 49,50
TRF2 Transcription initiation Drosophila 0
TFIIA Transcription initiation Drosophila 49
Myc Transcription initiation Drosophila 51
GAPDH Transcription initiation Drosophila n
NELF Transcription elongation Human 109
Spté Transcription elongation Drosophila 32
ARS2 Transcription elongation Human 2
FLASH mRNA 3’ end processing/HLB assembly Human, Mouse, Drosophila 283242117
Symplekin mRNA 3’ end processing Xenopus, Drosophila 254752
ZFP100 mRNA 3’ end processing Human 53

U7 snRNP mRNA 3’ end processing Human, Drosophila, fish, frogs 14.16,18,83,123
Mute/YARP Represses histone mRNA accumulation Human, Drosophila 4344
WGE Represses histone mRNA accumulation Drosophila 57
Abo Represses histone mRNA accumulation Drosophila 8
HERS Represses histone mRNA accumulation Drosophila 6
hCINAP Unknown Human 124
PARP Unknown Drosophila o
Cpn10 Unknown Human 55
WDR79 Unknown; likely a Cajal body component Drosophila 2z
Coilin Unknown/not required Xenopus, Drosophila 2z
MPM-2 Detects Cyclin E/Cdk2 dependent phosphoepitope on Mxc Drosophila 3239

embryogenesis,"’ and encodes a large protein with predicted
intrinsically disordered (IDR) regions that localizes to the HLB.
Winged eye (wge) was identified in a gain-of-function screen as
a gene that causes eye to wing transformations when overex-
pressed.”® wge encodes a bromo-adjacent homology (BAH)
domain protein conserved in mammals that was recently
shown to localize to the HLB in Drosophila.”” Wge binds to
Mute and the two appear to act together as negative regulators
of histone gene expression. They can recruit co-repressors, but
their specific mechanism of action is not known. Finally, abnor-
mal oocyte (abo) was identified as a maternal effect mutation
that reduces the viability of offspring. abo encodes an HLB pro-
tein that has no obvious functional domains, but is conserved
in mammals. Abo appears to negatively regulate histone gene
expression in the Drosophila female germ line.”®

An emerging theme from these observations is that altera-
tions to histone gene expression via mutation of HLB com-
ponents often result in widespread gene expression changes
that affect the development of particular tissues or cell line-
ages. In the case of hypomorphic mutations in mxc, a reduc-
tion in replication dependent histone gene expression may
result in a reduction of histone protein abundance, or an
alteration of the proportion of canonical and variant histo-
nes, that attenuates the establishment of polycomb-mediated
repressive chromatin environments controlling cell identity.
Likewise, some transposons are de-repressed in wge mutants,
perhaps because repressive heterochromatin is not properly
established.”” Another possibility is that some HLB compo-
nents act directly to regulate gene expression at loci other
than the RD-histone genes, consistent with the observation
that Wge binds to multiple sites on salivary gland polytene
chromosomes,”® although Mute and Mxc are only found at
the histone locus. It is important to also keep in mind that
mutation of any factor that affects entry into or progression
through S phase may result in alteration of histone mRNA

levels, even though the factor may have no direct role in
histone gene expression or histone mRNA metabolism.

HLB assembly

Work in a variety of experimental systems over the last 15 y has
coalesced into three major concepts for how nuclear bodies
may assemble, each of which likely applies to the HLB.”
Importantly, the molecular mechanisms underlying these three
concepts are not mutually exclusive. The first is that nuclear
body components have an intrinsic ability for self-organization,
resulting in complex macromolecular structures that can be
visualized by light microscopy.®” An important aspect of
nuclear body assembly remains unclear: whether self-organiza-
tion occurs stochastically or through an ordered, hierarchical
process.”" The second concept is that a specific “seeding” event
initiates the self-organization process.®>®” In several instances,
most notably the nucleolus, the seeding event is transcription
of a specific RNA (e.g., rRNA), although other types of seeding
events are possible.®>**®” Identifying seeding events is key to
understanding assembly of particular nuclear bodies during
development and in specific cell types. The third concept postu-
lates that nuclear body assembly results in a phase transition
characterized by liquid-liquid demixing. This process results in
a distinct liquid-like compartment within the nucleus with dif-
ferent physical properties than the surrounding nucleoplasm,
and subsequent nuclear body function is mediated by this
phase transition.®® In this section we consider evidence suggest-
ing that all three may contribute to the properties and assembly
of the HLB.

Self-organization of the HLB

Self-organization refers to the ability of many molecules of
one or more proteins to spontaneously assemble into large
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networks or polymers. In the case of nuclear bodies like the
HLB that are composed of several different types of factors,
there is likely a dense network of weak interactions among indi-
vidual components that are necessary for assembling and main-
taining the body. Scaffold protein oligomerization is well
established in the nuclear body literature, and the N-terminal
self-interaction domain of Coilin provides a good example of a
scaffold for Cajal Bodies.”” Drosophila Mxc and mammalian
NPAT contain a conserved N-terminal LisH domain and an
adjacent SIF (self-interaction facilitator) domain that in Dro-
sophila mediate self-interaction among Mxc molecules.”” The
LisH and SIF domains of Mxc do not mediate simple dimeriza-
tion, but instead provide multivalent binding capability that
could help oligomerize Mxc into a large molecular network
that provides a scaffold for the recruitment of other HLB com-
ponents (Fig. 3). Importantly, the oligomerization mediated by
the LisH and SIF domains is required for Mxc function in vivo,
as substitution mutations of 3 amino acids in either domain
render Mxc completely unable to support HLB assembly and
are lethal.”” The LisH of NPAT domain is necessary for NPAT
to stimulate histone gene expression.”® However, an ectopically
expressed NPAT lacking the LisH domain can localize to the
HLB, perhaps because other domains can interact with endoge-
nous, wild type NPAT at the HLB.*

Multiple components can potentially self-organize to form
nuclear bodies via two different mechanisms. The first is a sto-
chastic recruitment mechanism in which factors are not
required to assemble in any particular order, resulting in many
different potential pathways to nuclear body assembly. This
process contrasts with a hierarchical or ordered mechanism in
which nuclear body assembly follows an invariant order of
events (i.e., A recruits B, followed by recruitment of C, etc.).
Interestingly, the HLB exhibits properties of both mechanisms.
For instance, the Dundr laboratory has demonstrated that
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Figure 3. Schematic of Drosophila HLB assembly. The Drosophila replication
dependent histone locus is organized as a tandem array of ~100 copies of a 5 kb
sequence containing one copy of each of the five RD histone genes. A sequence
between the H3/H4 genes recruits Mxc and FLASH. Subsequent recruitment of
other HLB components including U7 snRNP and Mute requires transcription initia-
tion and results in maturation of a complete HLB. The result is a molecular environ-
ment that organizes the histone gene array and its accompanying trans-acting
factors for efficient histone mRNA transcription and pre-mRNA processing.

tethering a single HLB component or histone pre-mRNA to a
specific locus in mammalian cells can trigger recruitment of
other HLB components.”*”! Moreover, several different HLB
components are capable of nucleating HLB-like structures
when tethered, supporting a model for stochastic assembly. In
contrast, we have shown using genetic manipulation in Dro-
sophila that some HLB factors (e.g., Mxc) are necessary for the
recruitment of others (e.g., Mute, U7 snRNP), but not vice
versa, consistent with an ordered assembly process.”” In addi-
tion, we have microscopically observed the ordered appearance
of components upon initial HLB assembly in the syncytial
cycles of early Drosophila embryogenesis.”>* However, these
two ideas need not be mutually exclusive, and the HLB could
form by initial recruitment of certain scaffolding factors such
as Mxc and FLASH followed by stochastic recruitment of addi-
tional factors like U7 snRNP and Mute (Fig. 3).

A feature of some HLB proteins is that the domains required
for recruitment are separable from the domains required for
biochemical function in histone mRNA biosynthesis. For
instance, an N-terminal fragment of Mxc containing the LisH
and SIF domains that is unable to support HLB formation or
transcription on its own is nonetheless able to concentrate in
the HLB in the presence of wild type Mxc, likely both by self-
associating and interacting with endogenous full length Mxc
within the HLB.” Similarly, a direct interaction between the
NH, terminus of Lsm11 (in the U7 snRNP) and the NH, termi-
nus of FLASH is necessary for pre-mRNA processing, but not
for either U7 snRNP or FLASH to concentrate in the HLB.”>”
In addition, the sequence in histone pre-mRNA that binds U7
snRNP is not required for U7 snRNP recruitment to the Dro-
sophila. HLB.”* Instead, we found that the C terminus of
FLASH, likely together with Mxc, is necessary for recruitment
of U7 snRNP to the HLB.”> Thus, there are interactions among
HLB components involved in assembling the HLB that are dis-
tinct from the interactions required for histone mRNA biosyn-
thesis. Such modularity could explain how a protein like
FLASH participates directly and separately in HLB formation
and pre-mRNA processing.

A specific DNA sequence is required for seeding Drosophila
HLB assembly

What triggers self-organization of the HLB? In the context of
combining ordered and stochastic models of assembly, a “seed
and grow” mechanism best describes HLB assembly.®* In this
model a specific nucleation event results in an increase in local
concentration of a specific factor(s) (“seed”) that provides a
platform for recruitment of more factors via the properties of
oligomerization and self-organization (“and grow”). But what
provides the seed? Since HLBs are tightly associated with his-
tone gene clusters, an obvious answer could be histone encod-
ing DNA or RNA. Indeed, we discovered a specific sequence in
the Drosophila RD histone gene array that is necessary and suf-
ficient to nucleate HLB assembly.”* The Drosophila RD histone
locus is composed of ~100 copies of a tandemly arrayed 5kb
sequence containing one copy of H1 and one copy of diver-
gently transcribed H3/H4 and H2A/H2B gene pairs' (Fig. 3). A
~300 bp sequence between the H3/H4 coding sequences and
containing the H3/H4 promoter(s) nucleates HLB assembly,



but the corresponding sequence containing the H2A/H2B pro-
moter(s) does not.”* In addition to driving HLB assembly, the
H3/H4 promoter sequence is required for efficient transcrip-
tion from the H2A/H2B gene pair, even though the H2A/H2B
pair contains intact promoters.”* Together these results suggest
that the H3/H4 promoter is required for HLB assembly, which
in turn is critical for histone gene expression.

Blocking transcription of the Drosophila H3/H4 genes by
mutating their TATA boxes results in the recruitment of Mxc
and FLASH but not Mute and U7 snRNP, suggesting that tran-
scription is essential for assembly of the complete HLB.”* At
first glance, this result appears consistent with the observation
that histone RNA can recruit HLB components in a tethering
assay.”* In addition, mature HLBs appear for the first time in
early Drosophila development near the time of activation of
zygotic histone gene expression.”>*” However, a transgene con-
taining a 300 nt fragment with the H3/H4 promoter is capable
of ectopically recruiting the core HLB components, including
Mzxc, FLASH, Mute and U7 snRNP in the absence of any his-
tone coding or 3’ end processing sequences.”* Furthermore, in
Drosophila tissues HLBs are present in G1 and G2 phase cells
that do not express histone mRNA, as well as in cells that have
exited the cell cycle.'"®**” Similarly, NPAT, FLASH and U7
snRNP continue to be present in mammalian tissues that do
not express histone mRNA.”” Thus, we favor a model in which
transcription from the H3/H4 promoter facilitates HLB assem-
bly rather than the actual histone mRNA sequence. In addition,
the pre-mRNA processing signals are not required to recruit
FLASH or U7 snRNP to the HLB. The initial recruitment of
Mxc and FLASH followed by transcription dependent recruit-
ment of Mute and U7 snRNP in Drosophila is also consistent
with an ordered assembly model. As noted above, however,
ordered HLB assembly steps are not mutually exclusive with
stochastic self-organization. A dramatic example of this point
is that FLASH and Mxc can temporarily organize into foci that
resemble HLBs in embryos where the RD histone genes have
been deleted, demonstrating the self-organizational properties
of these molecules.””*

How do HLB components initially find the histone locus?
Since NPAT/Mxc does not bind DNA specifically, a likely pos-
sibility is recruitment to histone genes by interaction with a
DNA binding protein. Another possibility is that a specific
chromatin structure could be established on histone genes in
both humans and flies that promotes recruitment of HLB com-
ponents, including NPAT/Mxc’®”’. Conserved sequences in
the Drosophila H3/H4 promoter that are not present in the
H2A/H2B promoter might serve to bind a specific factor or
establish a specific chromatin structure.”* The assembly of the
HLB has only been studied in detail in Drosophila, and mam-
malian histone genes are organized very differently than in flies.
Humans contain a major histone gene cluster on chromosome
6 with 55 genes spread over several megabases as well as an
unlinked, smaller, and more compact histone gene cluster on
chromosome 1 with 10 genes in about 100 kB.” This general
organization is conserved in all mammals and contrasts with
the 500 Drosophila genes in 500 kB of DNA. The much greater
distance between histone genes in mammals and different orga-
nization (e.g., there are no H3/H4 pairs) makes it less likely that
there is a single DNA sequence that seeds the mammalian HLB.
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Thus, the mechanism for recruiting NPAT to the histone locus
is likely to be different in mammals than in flies. However, the
histone genes on each chromosome organize into a single HLB,
as human cells in S phase have two large and two small HLBs
that assemble at the large and small histone gene clusters,
respectively.zﬁ’27 Human NPAT can bind directly to HiNF-P, a
sequence specific DNA binding protein that is required for his-
tone H4 transcription.”®”” Deletion of HinfP from mouse
embryos abolishes histone H4 mRNA expression but does not
abolish formation of the HLB as detected by staining for NPAT
and FLASH.* Similarly, depletion of HiNF-P from cultured
cells results in a dispersion of HLBs into smaller bodies,
although they still form.*"** These data indicate that HiNF-P is
not required for mammalian HLB formation but may promote
complete HLB assembly via its role in H4 transcription.

During mitosis the HLB is disassembled, but a small amount
of Mxc as well as FLASH can be detected on condensed chromo-
somes throughout mitosis in Drosophila.’? By contrast, NPAT
has not been observed associated with mitotic chromosomes in
mammalian cells.”**”**> The mechanism of HLB disassembly
during mitosis is not known, but perhaps involves changes in
phosphorylation of HLB components by mitotic CDKs. In flies,
a small pool of NPAT/Mxc may remain associated with mitotic
chromosomes in order to “bookmark” the histone genes and
rapidly nucleate full HLB reassembly at the beginning of inter-
phase. This argument has also been made for TBP, which in S2
cells is tightly associated with the Drosophila core histone genes
even after RNAi depletion of Mxc.*” Note that a novel form of
TFIID with a limited number of additional components beside
TBP localizes to the H2a/H2b and H3/H4 genes,” and a TBP
paralog, TRF2, is present in the HLB at the histone H1 genes.”
The concept of bookmarking specific loci also holds true for
nucleoli, where UBF “bookmarks” rDNA after mitosis and tran-
scription of rDNA is necessary for full nucleolar formation.***
Thus the HLB and the nucleolus and potentially other nuclear
bodies that associate with specific loci may have a component
that serves a bookmarking role during mitosis.

Does phase separation help drive HLB assembly?

Phase separation has recently emerged as a possible common
principle in the assembly of both nuclear and cytoplasmic bod-
ies.®**>%” In this process the physical chemical properties of
body components promote a phase transition when the con-
centration of the component(s) exceeds their solubility limit,
such as when molecules precipitate out of solution and form a
crystal. The phase transition need not result in a solid structure:
Many bodies display liquid like properties, similar to a lipid
droplet within an aqueous environment. A spherical shape and
fusing of body “droplets” are evidence for liquid like behavior
in the context of phase separation. This model is consistent
with the rapid exchange of nuclear body components with the
nucleoplasm.

Although there is no direct evidence that HLBs form as a
consequence of phase separation, several observations suggest
that this process may be applicable to HLBs. In diploid cells of
early Drosophila embryos, we typically observe either one or
two HLBs in interphase that appear spherical by confocal
microscopy, and this number correlates well with the frequency
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of homolog pairing (Fig. 2C).* Thus, two HLBs, one on each
homolog, might fuse into one HLB when the histone gene
arrays on homologous chromosomes pair with each other, con-
sistent with the HLB having liquid like properties. Human cells
have four spherical HLBs because there are two histone gene
clusters and the homologous chromosomes do not pair.>>*
Intrinsically disordered regions (IDRs) are a common feature
of proteins that undergo phase transition and form bodies.*’
IDRs do not fold into well-defined protein domains and are
often composed of regions of low sequence complexity.***’
Both Mxc and NPAT as well as FLASH and Mute are large
proteins with regions of low complexity, such as the large
polyserine tract in the middle of the Mxc protein. Multivalent
interactions driven by IDRs can reduce solubility and facilitate
body formation, with the strong interactions governing poly-
merization and the weak interactions governing solubility.*®
Interestingly, conversion over time of phase separated droplets
composed of IDRs and RNAs from a liquid like to a more fiber
like state has been demonstrated in vitro suggesting that IDRs
may contribute to the “maturing” of the HLB in response to
transcriptional activation as described above.””®" Post-transla-
tional modifications may also modulate phase separation asso-
ciated with gene expression.”” Poly ADP ribose promotes phase
separation,” and poly (ADP-ribose) polymerase has been
detected in Drosophila HLBs.”* Finally, given that IDRs might
be promiscuous, some proteins might concentrate in the HLB
but not have an essential biological or biochemical function in
histone mRNA biosynthesis. Such promiscuity may explain the
observation that Coilin, which contains regions of low sequence
complexity that are likely IDRs,” sometimes appears within
HLBs but is not required for HLB assembly or for histone
mRNA biosynthesis.”>**> Although these ideas are rather specu-
lative, we suggest that phase separation may act together with
self-organization and molecular seeding to promote HLB for-
mation (Fig. 3).

HLB function

A prevailing model for nuclear body function postulates that
nuclear bodies promote reactions by increasing the local con-
centration of necessary factors and/or promoting macromolec-
ular assembly to allow efficient coupling of multiple
reactions.”® Indeed, recent data demonstrate that Cajal bodies
enhance the assembly of mature snRNPs both in mammalian
cells and early zebrafish embryos.”””® In this section we will
summarize recent experiments that address how the HLB con-
tributes to histone mRNA biosynthesis, with an emphasis on
the role of FLASH and U7 snRNP in the pre-mRNA processing
reaction.

Concentrating factors in the HLB promotes histone pre-
mRNA processing

Since HLBs are tightly associated with RD histone genes, an
important question is whether HLBs are actually sites of histone
mRNA biosynthesis, or whether they might simply provide a
stockpile of factors close to the histone genes. In large amphibian
oocytes some C snurposomes (HLBs) are not associated with his-
tone genes.”” By contrast, in cultured mammalian cells and in

Drosophila tissues the HLB is invariably found at the histone
locus throughout the cell cycle."®*' More importantly, in Dro-
sophila cells HLB components co-localize with nascent RD his-
tone transcripts, as detected by in situ hybridization,*” and RNA
polymerase II becomes highly enriched in HLBs during S phase
when histone mRNA production is high.*>** These data suggest
that HLBs are the sites of histone mRNA biosynthesis in flies and
mammals, although direct evidence for this situation requires co-
localizing the HLB and the histone DNA by high resolution
microscopy.

An ideal way to address whether concentrating factors
within the HLB promotes reaction efficiency is to prevent a
wild type, fully active protein involved in some aspect of his-
tone mRNA biosynthesis from concentrating in the HLB with-
out disrupting the integrity of the HLB. Taking advantage of
our knowledge of the molecular interactions of HLB compo-
nents,**7%7273:99-101 e have performed genetic studies in Dro-
sophila using mutant proteins that are either processing
defective or unable to localize to the HLB. Unlike other meta-
zoan genes, where transcription can continue well 3’ of the pol-
yadenylation site, transcription termination is tightly coupled
to histone mRNA processing in both Drosophila and mam-
mals.”>'**'> Drosophila RD histone pre-mRNA processing is
normally very efficient, meaning that in wild type cells and ani-
mals only stem-loop RD histone mRNAs can be detected. RNA
pol II pauses just 3’ of the HDE,'%* and likely terminates imme-
diately after processing since there are no detectable transcripts
downstream of the HDE.”? Failure to process histone mRNA in
Drosophila results in continued transcription past the HDE
and polyadenylation at cryptic polyadenylation sites 3" of the
HDE in each histone gene.'%® Sufficient polyadenylated histone
mRNA is produced in the absence of processing factors (e.g.,
U7 snRNP) to allow much of development to occur in Dro-
sophila.'°®'” We can detect both poly A+ histone RNA and
nascent read-through unprocessed RNAs by nuclease protec-
tion and in situ hybridization assays, allowing us to quantita-
tively determine the efficiency of histone pre-mRNA
processing in various tissues.”>'%®

Concentration of U7 snRNP and FLASH in the HLB
appears to be particularly important for histone mRNA biosyn-
thesis. There is a very small amount of U7 snRNA in the cell
(about 500 copies cf. with ~500,000 for Ul snRNA in mam-
mals) and very small amounts of FLASH in Drosophila
embryos and larvae.”” FLASH is recruited to the HLB by an
interaction between the C-terminus of FLASH and the C-ter-
minus of NPAT/Mxc***”>”>. A hypomorphic allele of mxc
(mxc®*) that encodes a truncated form of Mxc lacking the last
195 amino acids results in failure of full length, wild type
FLASH protein and U7 snRNP to concentrate in the HLB,
although an HLB containing the truncated Mxc protein
forms.”” Interestingly, in this genotype histone gene transcrip-
tion is unaffected but histone pre-mRNA processing is ineffi-
cient, resulting in small amounts of both nascent, read-through
and polyadenylated histone transcripts.”> This result demon-
strates that concentrating FLASH and/or U7 snRNP in the
HLB is necessary for efficient coupling of histone mRNA proc-
essing and transcription termination.

A number of results suggest that the loss of coupling
between processing and transcription termination may also



occur in mammalian cells. Based on Pol II Chip assays, mam-
malian histone genes differ from other genes in that pol II ter-
minates shortly after the 3’ end of histone mRNA.”>'>!%
Knockdown of a number of factors involved in either the early
steps of elongation of RNA (e.g., NELF,'” Cdk9''?), factors
that interact with FLASH (e.g., Ars2,>>'""), factors that catalyze
histone H2b ubiquitination''® and Y3** RNA''* all result in
expression of a small amount of polyadenylated histone
mRNA, about 2-4% of the total histone mRNA, without affect-
ing cell growth. This phenotype is similar to the molecular phe-
notype observed in Drosophila when FLASH or U7 snRNP is
mislocalized,”” and could arise from uncoupling processing and
transcription termination. Disrupting the interaction between
Ars2 and FLASH interferes with cell cycle progression, and
depletion of Ars2 reduces the number of HLBs.>” Knockdown
of Y3"* RNA results in perturbation of the size of the HLBs
suggesting that it interacts directly with HLB components. We
find that there is no Ars2 or Y3**RNA in our purified in vitro
processing complexes (Dominski and Marzluff, unpublished
observations), consistent with these factors affecting HLB func-
tion, and Y3 RNA has been suggested to play a role in recruit-
ing CPSF to the HLB.'"?

Functional changes in the HLB during S phase

As cells enter S-phase, there are at least two major events that
together result in a massive increase in histone mRNA levels:
initiation of histone gene transcription in response to activation
of Cyclin E/Cdk2 in late G1 and activation of histone pre-
mRNA processing. Phosphorylation of NPAT by Cyclin E/
Cdk2 is essential for histone gene transcription,”**”** and may
also result in the recruitment of pre-mRNA processing factors
to the HLB like Symplekin,>* thereby activating histone pre-
mRNA processing. Changes to the HLB during S phase can be
visualized cytologically. For instance, HLBs in both Drosophila
and human cells can be specifically detected during S phase
with antibodies that recognize phosphorylated NPAT/
Mxc***7*>* In human cells the HLBs at the major cluster on
chromosome 6 are readily visualized throughout the cell cycle,
but clearly increase in size as cells enter S phase. RNA pol
I1,>>*>°° and other factors (e.g., Spt6>> and Myc’') required for
transcription of the histone genes appear in the HLB during S
phase, although TATA binding protein (TBP) is present consti-
tutively in the HLB.* There is also recruitment of sequence
specific DNA binding proteins: e.g., OCA-S/Pdm-1 for core
histone expression,''>'"* and HiNF-P for human His4 expres-
sion,”® although it is not known if they are only in the HLB in S
phase.

As cells enter S phase, a major change likely occurs in the U7
snRNP within the HLB, activating it for histone pre-mRNA
processing. FLASH and Lsm11 interact to form a protein sur-
face that recruits a set of proteins termed the histone cleavage
complex (HCC)."”'®" The HCC includes the endonuclease
core of the CPSF polyadenylation complex (CPSF73 and
CPSF100) plus the protein Symplekin, which binds CstF64.
The Symplekin/CstF64 interaction is likely specific for histone
pre-mRNA processing, since CstF64 forms a complex with
CstF77 and CstF50 that functions in polyadenylation using the
same region it uses to interact with Symplekin.''>!'® U7 snRNP
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isolated from nuclear extracts contains not only the core Sm
proteins, and FLASH, but also the HCC components, suggest-
ing that the U7 snRNP is already associated with the HCC
when it binds to the histone pre-RNA. Since U7 snRNP is pres-
ent in very small amounts in mammalian or Drosophila cells,
only a small fraction (<1%) of the total CPSF73, CPSF100,
Symplekin and CstF64 are present in the HLB even in S
phase.'**'°" We have found that Symplekin is concentrated in
the HLB primarily in S phase,”* while U7 snRNP is there con-
stitutively. This result suggests that the active form of U7
snRNP, containing the HCC, may be assembled in the HLB
during S phase as part of the mechanism of activating histone
pre-mRNA processing (Fig. 1B).

The recruitment of the HCC to the HLB suggests a regula-
tory step may drive the assembly of the active U7 snRNP and/
or cause other important molecular changes within the HLB.
Mammalian YARP, the Drosophila homolog of Mute, and
FLASH each interact with the C-terminus of NPAT using a
Myb-like domain, and this domain from either protein can
localize a heterologous protein to the HLB.** The C-terminus
of NPAT can bind either YARP or FLASH but not both at
once. Detailed in vitro binding studies demonstrated that the
C-terminal Myb-like domain of FLASH also binds to Lsm11
adjacent to the binding site on Lsmll for the N-terminus of
FLASH, and that this interaction prevents FLASH binding to
NPAT.” Thus, it is tempting to speculate that reorganization
of the Lsm11-FLASH-NPAT interactions in the HLB may be
part of U7 snRNP activation and the onset of RD histone pre-
mRNA processing during S phase. This idea also suggests that
different pools of molecules may exist within the HLB. For
example, some molecules of FLASH may interact with Mxc,
and may be involved in scaffolding the HLB, while others could
interact directly with U7 snRNP and not Mxc and participate
in processing. The size of these pools could be dynamically reg-
ulated by Cyclin E/Cdk2 activity during S phase. The applica-
tion of super high resolution microscopy might provide an
avenue to begin exploring these issues.

Concluding remarks

Does HLB function matter for organism development or home-
ostasis? Null mutations of core HLB components (e.g., FLASH
and NPAT/Mxc) in mammals and flies are lethal early in devel-
opment,”>?*'"” likely in large part because little to no histone
gene expression occurs. Because proteins like NPAT/Mxc and
FLASH are necessary to scaffold HLB assembly and to stimu-
late histone mRNA biosynthesis, both of these functions will be
lost in the absence of these proteins making it difficult to assign
functional roles to HLB assembly per se. An important point to
emphasize is that HLB assembly need not be absolutely essen-
tial, or may only be essential in specific cells when there is a
particularly high demand for histone mRNA synthesis. For
example, Coilin depletion is lethal in zebrafish due to the need
for rapid assembly of snRNPs in embryogenesis,”” whereas Coi-
lin mutation and the loss of Cajal Bodies in flies is not lethal
and doesn’t impact scaRNA modification, which is thought to
occur within Cajal bodies.''® In Drosophila the maximal
requirement for histone mRNA synthesis is likely to be during
oogenesis when large amounts of maternal histone mRNA and
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protein are deposited into the egg. Several mutations that affect
the HLB and histone pre-mRNA processing result in female
sterility,”>”>!%>1%7 suggesting that the HLB may be particularly
important during oogenesis, either in proper development of
the egg'” or in production of sufficient maternal histone
mRNA for the embryo.'*>'%®

Interestingly, one well-studied organism, C. elegans, appar-
ently lacks an HLB, although their histone mRNAs end in a
stem loop and associate with SLBP."'® In C. elegans the histone
mRNA 3’ end is formed by cleavage of a longer polyadenylated
precursor using small RNAs (analogous to RNAi)."*’ Further-
more, the C. elegans histone genes are not tandemly arrayed,'*'
but the 13-14 copies of each core histone gene are found in
many small clusters spread over different chromosomes.'*
Moreover, homologs of U7 snRNP and FLASH are not identifi-
able in the C. elegans genome (Z. Dominski, personal commu-
nication). Perhaps these worms have lost the HLB because
there is not a need to concentrate low abundance factors like
U7 snRNP and FLASH for RD histone pre-mRNA processing
due to the alternate cleavage mechanism.

Thus HLB assembly may provide a boost to efficiency of
histone mRNA biosynthesis, rather than being absolutely
essential. Such a boost in efficiency could provide an advan-
tage that is selected during the evolution of particular ani-
mal lineages. This interesting question may be applicable to
other nuclear bodies, and addressing it will require the fur-
ther application of genetics, cell biology, and biochemistry
that has been so important to our current understanding of
HLB assembly and function.
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