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Abstract

Compartmentalization of RNA biosynthetic factors into nuclear bodies (NBs) is a ubiquitous
feature of eukaryotic cells. How NBs initially assemble and ultimately affect gene expression
remains unresolved. The histone locus body (HLB) contains factors necessary for replication-
coupled histone mMRNA transcription and processing and associates with histone gene clusters.
Using a transgenic assay for ectopic Drosophila HLB assembly, we show that a sequence located
between, and transcription from, the divergently transcribed H3-H4 genes nucleates HLB
formation and activates other histone genes in the histone gene cluster. In the absence of
transcription from the H3-H4 promoter, “proto-HLBs”, containing only a subset of HLB
components, form and the adjacent histone H2a-HZ2b genes are not expressed. Proto-HLBs also
transiently form in mutant embryos with the histone locus deleted. We conclude that HLB
assembly occurs through a stepwise process involving stochastic interactions of individual
components that localize to a specific sequence in the H3-+H4 promoter.
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Introduction

In the last decade, compartmentalization of nuclear processes has emerged as an important
organizing principle of the genome. Nuclei contain a host of distinct compartments or
“nuclear bodies” such as nucleoli, speckles, paraspeckles, Cajal bodies, PML bodies, and
histone locus bodies (HLBs) where factors involved in processes such as transcription, RNA
processing and maturation, and DNA replication and repair are concentrated (Carmo-
Fonseca and Rino, 2011; Handwerger and Gall, 2006; Matera et al., 2009; Misteli, 2007).
Despite a role for NBs in a wide range of biological processes, a complete understanding of
the relationship between NB formation and the associated biochemical reactions (e.g.
transcription and pre-mRNA splicing/processing) is lacking.

NBs are thought to enhance the efficiency of reactions by concentrating reaction
components (Matera et al., 2009; Misteli, 2007). While there is some evidence for this idea
(Chen et al., 2010; Strzelecka et al., 2010; Wagner et al., 2007), the importance of the
contribution that NBs make to their associated processes is not always clear. The Cajal
body, a NB involved in snRNP biogenesis, provides a good example. Mutation of the gene
encoding Coilin, a critical assembly component of Cajal bodies, is lethal in zebrafish due to
failure to form sufficient sSnRNPs (Strzelecka et al., 2010), but not in flies (Liu et al., 2009).
Moreover, while coilin mutant mice are not fully viable or fertile (Tucker et al., 2001;
Walker et al., 2009), coilin mutant flies, which lack detectable Cajal bodies, are fertile and
correctly perform several sSnRNA modifications that are specified by scaRNAs normally
localized to Cajal bodies (Deryusheva and Gall, 2009).

Determining how NBs form is critical for understanding how NBs affect their associated
biochemical processes. Current evidence suggests that NBs form by a process of “self-
organization” in which individual factors encounter other NB components through random
molecular collisions, and remain in proximity due to binding affinities (Handwerger and
Gall, 2006; Misteli, 2001, 2005; Nizami et al., 2010). The high affinity between factors
associated with specific processes results in the formation of microscopically visible
structures. Two contrasting models of self-organization have been proposed (Matera et al.,
2009; Misteli, 2007). Tethering experiments that artificially localize individual nuclear body
components support a stochastic self-organization model, where nuclear body components
can assemble in any order (Kaiser et al., 2008; Shevtsov and Dundr, 2011). In contrast,
genetic evidence supports a hierarchical model, which posits that NBs assemble in a
particular order with assembly of some components predicated on prior assembly of other
components (Rajendra et al., 2011; White et al., 2011). Recently, a hybrid model has
emerged from studies of the HLB and paraspeckles suggesting that the stochastic and
hierarchical models of nuclear body formation are not mutually exclusive (Dundr, 2011,
Mao et al., 2011; White et al., 2011).

The HLB is an excellent model for investigating both the mechanism and function of NBs.
HLBs assemble at replication-coupled histone genes in animal cells and contain factors
associated with the transcription and processing of histone mRNA (Bongiorno-Borbone et
al., 2010; Bongiorno-Borbone et al., 2008; Frey and Matera, 1995; Ghule et al., 2008; Liu et
al., 2006; Nizami et al., 2010; White et al., 2011; White et al., 2007). HLBs contain factors
such as U7 snRNP and FLASH that are necessary for an endonucleolytic cleavage of histone
pre-mRNA resulting in a unique 3" stem-loop structure that mediates all aspects of histone
MRNA regulation, rather than a poly(A) tail (Marzluff et al., 2008). In fact, HLBs were
originally defined through studies of the localization of the U7 sSnRNP specific proteins,
Lsm10 and Lsm11, as well as U7 snRNA (Liu et al., 2006). HLBs also contain the protein
NPAT, a substrate of Cyclin E/Cdk2 that is concentrated at the two clusters of human
histone genes (Ma et al., 2000; Zhao et al., 2000). NPAT is essential for entry into S-phase
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and for expression of histone mRNA, although the precise molecular basis of NPAT action
is not understood (Ma et al., 2000; Miele et al., 2005; Wei et al., 2003; Ye et al., 2003; Zhao
et al., 2000). There is no evidencethat NPAT directly binds DNA, and more likely it acts as
a cofactor for histone gene transcription and possibly coordinates the multiple steps in
histone mMRNA biosynthesis.

In metazoans, the accumulation of replication-dependent histone mMRNAS is confined to S-
phase when histone proteins are required for chromatin assembly (Marzluff and Duronio,
2002; Marzluff et al., 2008). The tight regulation of histone accumulation during the cell
cycle is essential for genetic stability (Gunjan and Verreault, 2003; Marzluff, 2010; Meeks-
Wagner and Hartwell, 1986), suggesting that the S phase role of the HLB in histone
biosynthesis is likely to impact a wide range of genomic functions. The HLB is also present
during G1 and G2 phase, when histone mRNAs are not actively synthesized (White et al.,
2011; White et al., 2007), indicating that HLB assembly and/or maintenance is not strictly
dependent on active transcription and/or mRNA processing. Histone gene expression is
activated in cycle 11 of Drosophila embryogenesis, the same time as the HLB forms. A
subset of HLB components, FLASH and Mxc, the Drosophila ortholog of NPAT,
accumulates at the histone locus before the onset of histone gene expression in the early
Drosophila embryo, and we term this complex a “proto-HLB” (White et al., 2011).

Because HLBs assemble only at histone genes, we hypothesized that a sequence element(s)
within or associated with the histone locus would drive HLB assembly. Here we present the
surprising result that despite the fact that all five replication-dependent histone genes are
coordinately transcribed and processed, only a single element in the Drosophila histone gene
locus is capable of nucleating the HLB. We demonstrate that formation of the Drosophila
HLB depends on a sequence in the 300 nt histone H3-H4 bidirectional promoter, and that
this sequence is essential for expression of other histone genes in the cluster. A proto-HLB
assembles on the minimal sequence in the absence of transcription, but transcription driven
by this sequence is necessary for formation of a complete HLB. In addition, we show that
proto-HLBs form transiently even in the absence of histone genes, indicating that some HLB
components have self-organization properties. Together these results support a model
whereby transcription-dependent ordered assembly and stochastic self-organization of
components both contribute to HLB assembly during development.

An HLB can assemble at a single, active histone gene repeat

The Drosophila replication-coupled histone genes are present in a single locus on
chromosome 2L as a tandem 5 kB repeat present in about 100 copies. Each repeat unit
contains one copy of each of the five histone genes (Fig. 1A). The H2a-H2band H3-H4
gene pairs are divergently transcribed, while the A gene is located about 1.5 kB 3” of the
H3 gene, and ends about 300 nts before the 3" end of the 426 gene (Fig. 1A). To determine
whether sequences within a single repeat unit were sufficient to direct the formation of an
HLB, we used a construct containing 1.2 copies of the repeat unit such that all contiguous
sequences 500 nts long were represented in the construct (AHistone Locus-Aull Length, or
HL-FL; Fig. 1A) and generated transgenes at specific loci in the Drosgphila genome by
®C31-mediated integration (Bateman et al., 2006; Bischof et al., 2007). To test whether the
chromatin environment around the ectopic histone genes can influence expression, HL-FL
was inserted into two specific sites: a euchromatic site on chromosome 3 (86Fb) and a
heterochromatic site on chromosome 4 (102D).

We visualized HLBs using antibodies to four components of the HLB: Multi sex combs
(Mxc), the Drosophila orthologue of NPAT that we recently identified (White et al., 2011);
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FLASH, a histone pre-mRNA processing factor (Burch et al., 2011a; Yang et al., 2009);
Mute, an essential protein of unknown function homologous to YY1 associated protein
(Bulchand et al., 2010); and Lsm11, a component of U7 snRNP (Azzouz and Schumperli,
2003; Pillai et al., 2003). For some experiments we utilized a Drosophila line expressing V5
tagged Lsm11, which rescues an Lsm11 null mutant, and visualized U7 snRNP in the HLB
using an anti-V5 antibody (Godfrey et al., 2009). This panel of reagents includes factors that
are first detected in the HLB before (Mxc and FLASH) and after (Mute and Lsm11) the
onset of zygotic histone transcription (White et al., 2011; White et al., 2007).

We analyzed chromosome spreads from 39 instar larval salivary gland cells. In these
polyploid cells the genome reaches more than 1000C and individual chromatids line up in
register, resulting in polytene chromosomes that provide high resolution for cytological
experiments (Fig. 1B). Using antibodies to Lsm11, Mute, and FLASH, we observed HLB
assembly at the ectopic HL-FL locus at 86Fb on chromosome 3, as well as at the
endogenous histone locus at 39D-E on chromosome 2 (Fig. 1B). In contrast, when the repeat
was located at 102D on chromosome 4, HLB assembly was not observed (Fig. 1C), although
its genomic presence was confirmed by PCR (not shown). We conclude that one copy of the
histone repeat is sufficient to assemble an HLB at a euchromatic but not a heterochromatic
site.

To assess Whether ectopic genes were expressed, identical transgenic lines were generated
containing 5° FLAG tags on the H2aand A4 genes (Histone Locus Tagged-Aull Length;
HLT-FL, Fig. 1A). We used a FLAG specific qRT-PCR primer to determine the expression
of the ectopic HZaand H4 mRNAs relative to actin mMRNA, and normalized these results to
the HL T-FL insertion at 86Fb on chromosome 3. We detected expression of both genes from
the ectopic repeat located at 86Fb but not from the transgene inserted at 102D on
chromosome 4 (Fig. 1D). Thus, sequences present in the histone repeat are sufficient to
direct HLB assembly and histone gene expression, and no sequences flanking the histone
locus are necessary. However, other factors such as local chromatin structure influence HLB
assembly and histone gene expression.

Histone gene expression correlates with HLB assembly

The formation of HLBs at ectopic sites that expressed histone genes provided us with an
opportunity to define sequences within the histone gene repeat that direct HLB assembly and
histone gene expression, and to determine how these two processes are functionally related.
We made transgenic flies with constructs inserted at 86Fb that contain only the H3-H4 gene
pair, the H2a-H2b gene pair, or the histone HZ gene plus the long intergenic region between
it and the 3" end of the #3gene (Fig. 2A). We assessed HLB formation by quantifying the
presence of ectopic HLBs in intact salivary gland nuclei (Wagner et al., 2007) using
multiple pairs of HLB markers (Fig. 2B). Ectopic HLBs were defined by co-localization of
two or three HLB components in a focus (arrows, Fig. 2B), in addition to the endogenous
HLB (arrowhead, Fig. 2B). For each experiment, ectopic HLBs were quantified using 1um
sections of a 150,Lm? area through the posterior portion of the salivary gland, and the data
are presented as percent mean ectopic focus formation of 7-10 individuals (>100 cells for
each construct) (Fig. 2C).

HLT-FL supported HLB formation in nearly 100% of nuclei with all marker pairs (Fig.
2B,C). The H3-H4 construct formed ectopic HLBs in 40% to 95% of the cells depending on
the marker pair examined (Fig. 2B,C). In contrast, less than 20% of cells containing either
the HZa-HZ2b gene pair or the HZ gene formed an ectopic HLB, similar to non-transgenic
controls (Fig. 2C). All four markers were present in the HLBs that formed on the H3-H4
gene pair, which was similar in size to the H2a-HZb or the HI transgenes. These data
indicate that a specific sequence(s) within the H3-H4 gene pair directs HLB assembly.
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To test whether HLB assembly was important for histone gene expression, we developed an
S1 nuclease protection assay using a 5" end-labeled probe (P) containing the FLAG-tagged
HZ2aor H4 genes (Fig. 2D). These probes detect both the endogenous (E) H2a and H4
histone mRNAs and the longer mRNAs produced by the transgenes (T) (Fig. 2D). This
assay is quantitative and allowed us to determine the relative level of ectopic versus
endogenous histone mMRNA accumulation by comparing signal intensities between the S1
nuclease protected fragments in each sample. To validate the assay, we analyzed varying
amounts of total RNA isolated from dissected salivary glands, 3-6 hr old embryos (diploid
cells), and ovaries and whole 34 instar larvae (mixed diploid and polyploid cells). The
ectopic HZaand H4 genes in HL T-FL were expressed at ~7% the level of the endogenous
genes in salivary glands, compared to 2.5% in ovaries and 1% in embryos and whole larvae
(Fig. 2D). While the basis for these differences is not known, they may be due to under-
replication of the endogenous histone genes relative to the rest of the salivary gland genome
(Hammond and Laird, 1985). The relatively high expression of the ectopic histone mRNA as
measured by S1 nuclease protection assay made salivary gland RNA the best source to carry
out subsequent experiments.

We determined the expression of the FLAG tagged HZaand H4 genes in the H3-H4 and
HZ2a-HZb transgenic lines relative to the expression of the corresponding gene in the HLT-
FL full repeat unit. The H4 gene in the H3-H4 line was expressed at 35% of the level of the
H4gene in HLT-FL (Fig. 2E lanes 4-6). In contrast, the H2a gene in the H2a-H2b gene pair
was expressed at <5% of the level in the full-length transgene (Fig. 2E lanes 1-3). These S1
nuclease assays were consistent with data obtained by gRT-PCR (Fig. 2F). These data
correlate well with HLB assembly, which occurred with the H3-H4 gene pair but not HZa-
HZ2b (Fig. 2B,C), suggesting that HLB assembly contributes to histone gene expression.

The H3-H4 promoter is necessary and sufficient for HLB formation

Both the H3-H4 and HZa-HZ2b constructs contain a ~300 nt bidirectional promoter, the two
coding regions, and the mRNA 3" end processing signals. To determine the sequences
responsible for HLB formation, we swapped the intergenic promoter region (i.e. from start
codon to start codon) of the HZ2a-HZ2b genes with the corresponding region of the H3-H4
genes (Fig. 3A) and generated transgenic insertions at 86Fb. We kept the FLAG tag on the
N-terminus of the H2aand H4 genes to allow us to assess expression of the ectopic genes.
Strikingly, the H2a-H2b gene pair containing the H3-H4 promoter (H2a-H2b™) now formed
an HLB, while the H3-H4 gene with the H2a-H2b promoter (H3-H4"S) did not (Fig. 3B).
Moreover, the H2a-H2b"S transgene formed an HLB with the same efficiency as the H3-H4
transgene (Fig. 3C). Thus the H3-H4 intergenic region containing the bidirectional promoter
is the critical element for HLB formation.

In addition to transferring the capability for HLB assembly, the promoter swap also resulted
in expression of the HZatransgene as determined by S1 nuclease protection and gRT-PCR
(Fig. 3D,E) The H2agene in H2a-H2b"S was expressed at levels similar to the H4 gene in
the H3-H4transgene (about 15% of the intact repeat; Fig. 3D, E), while the H4 gene in H3-
H4PS was no longer expressed. Note that the promoter swap results in a smaller protected
fragment with the H2a probe (Fig. 3D, lane 4) because the chimeric HZa gene now contains
the H45 UTR, causing the S1 nuclease to cleave at the end of the FLAG tag rather than at
the end of the H#2a5" UTR (Fig. 3D, diagram). Also note that with the overloading of the
endogenous histone mRNA, a low-level of expression (~3%) of the HZa gene in the original
HZ2a-HZB gene pair is detected by the S1 nuclease assay (Fig. 3D, lane 3). Correspondingly,
expression of the A4 gene in H3-H4"> was very low, and essentially undetectable with the
S1 protection or the gPCR assay (Fig. 3D, lane 8; 3E). These results demonstrate that there
is a sequence in the H3-H4 promoter that directs HLB assembly and high level histone gene
expression.
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MRNA Processing Signals are Dispensable for HLB Assembly

Our results thus far reveal an HLB assembly element in the H3-H4 intergenic region and a
strong correlation between HLB formation and histone gene expression, but we cannot
conclude a causal relationship between these two activities. For example, do the unique 3’
processing elements of a histone pre-mRNA contribute to HLB assembly? To determine
whether mRNA produced from an intact histone gene influences HLB formation, we
introduced just the 300 nt histone H3-H4 intergenic region (from start codon to start codon)
into 86Fb (Fig. 4A). This fragment, H3-H4P, efficiently recruited Mxc, FLASH, and Mute,
as well as U7 snRNP (Lsm11) (Fig. 4B,C), and was transcriptionally active. Hybrid
transcripts containing either the H3 or H4 5"UTR and respective flanking vector sequences
were detected by RT-PCR (Fig. 4D). H3-H4P generates transcripts containing only the 57
and 59 nt 5" UTRs of the histone H3 and H4 mRNAs followed by flanking vector sequence,
but contains no histone ORF, 3" UTR or pre-mRNA processing signals. Hence, the
observation that both FLASH and U7 snRNP were recruited by the H3-H4P construct rules
out the possibility that the histone processing factors are recruited to the HLB by interacting
with ¢is elements in the nascent transcript. They must be recruited directly to the HLB.
However, as with the intact histone genes, there is still strong correlation between HLB
assembly and transcription.

Transcription Stimulates HLB Maturation

In the developing embryo, the transition from proto-HLB to a mature HLB occurs at the
onset of zygotic transcription (White et al., 2011). To test whether transcription plays a
direct role, we In the developing embryo, the transition from the ~#3-H4 promoter on HLB
formation. We also asked if transcription from this promoter was necessary for expression of
other histone genes in the cluster. To address these questions we inserted a transgene
(CORE) at 86Fb containing just the 4 core histone genes (i.e. H3-H4 and HZa-HZ2b gene
pairs) and a nearly identical transgene (COREAT) different only in that both TATA boxes in
the H3-H4 promoter were mutated (Fig. 5A). FLAG tags on the A4 and HZagenes and an
HA-tag on the H#3gene allowed us to measure expression from these transgenes. The CORE
construct assembled an ectopic HLB as efficiently as the full repeat unit (HL 7-FL) and more
efficiently than the H3-H4 gene pair, and both the H4and HZ2a genes were expressed at
levels close to that of the full repeat (Fig. 5B, C). As expected there was no expression of the
H4 gene or the H3gene from the COREAT construct, as analyzed by S1 nuclease mapping
(Fig. 5D, lane 4) or RT-PCR (not shown), respectively. Interestingly, Mxc and FLASH were
recruited to the COREAT construct, although the intensity of the signals and the frequency
of HLB assembly were substantially lower than with the CORE construct (Fig. 5B,C; Fig.
S1). In addition, Mute was not recruited to this construct (Fig. 5B,C). Thus, some HLB
components, including Flash a pre-mRNA processing factor, assemble into a proto-HLB
containing Mxc and FLASH in the absence of H3-H4 transcription.

Surprisingly, while H2a was expressed equally well from the HL 7-FL and CORE constructs
(Fig. 5E, lanes 2 and 3), there was little expression of the histone HZa gene from the
COREAT construct (Fig. 5E, lane 4). H2a expression from COREAT was at least 10-fold less
than that from the histone CORE construct (Fig. 5F), and similar to both non-transgenic
controls (Fig. 5F) and the low level found from the single H2a-HZ2b gene pair (Fig. 2E,F).
Thus, we conclude that transcription from the histone H3-H4 promoter is essential for
activation of transcription of the histone HZ2a gene and likely the H2b gene as well, and for
the stable recruitment of Mute to the HLB. Furthermore, these data suggest that HLB
assembly nucleated at the H3-H4 intergenic region, together with expression from these
promoters, is required for complete assembly of the HLB and full expression of all core
histone genes in the repeat. The formation of a proto-HLB rather than a complete HLB,
evidenced by failure of Mute to accumulate on the ectopic TATA mutant transgene,
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suggests that Mute recruitment, and hence HLB maturation, depends on transcription
initiation from the H3-H4 promoter, and is not solely directed by a sequence element in the
histone locus. We also observed a reduction in, but not the absence of, Mute localization to
the H3-H4 construct (Fig. 2C, 5C). We hypothesize that the amount of Mute recruitment to
the HLB may be related to the amount of transcription of the histone gene cluster, and that
expression from two genes recruits insufficient amounts of Mute for us to detect it in all
HLBs. Alternatively, Mute recruitment might require sequences from both H3-H4 and HZa-
HZ2b genes. To distinguish between these possibilities, we replaced the H2a-H2b gene pair in
the CORE construct with a second copy of H3-H4 (Fig. 5A). In order to directly compare
the level of H4 gene expression from this transgene to our other transgenes, only one of the
two H4 genes contained a FLAG sequence. Mute recruitment to the H3-H4/H3-H4 construct
was higher than to the H3-H4 construct and comparable to that of the H3-H4/H2a-H2b
CORE transgene (Fig. 5B,C). H4 expression from the H3-H4/H3-H4 construct also
increased 1.6 fold compared to the H3-H4 construct (Fig. 5G,H). We conclude that Mute
recruitment to the HLB positively correlates with the number of active histone gene
promoters, and suggest that transcription from the H3-H4 promoter at the histone locus is an
essential step in the development of a mature and stable HLB.

Stable assembly of the HLB during development requires the histone gene cluster

Our transgenic experiments in salivary glands have determined which sequences from the
histone locus are sufficient to nucleate ectopic HLB formation. To determine whether
formation of the HLB requires histone genes, we took advantage of a Drosophila mutation,
Df(2L)Ds6, in which the entire histone gene cluster is deleted (Moore, 1983). Heterozygote
Df(2L)Dsé6l+ females are viable and fertile, and deposit sufficient maternal histone protein
into the egg (shown for WT in Fig.6G) such that when mated to Df(2L )Ds6/+ males, the
resulting homozygous mutant embryos lacking histone genes develop normally through S
phase of cycle 14 (~3 hours of development), after which zygotic histone expression is
required for normal S phase and cell cycle progression (Gunesdogan et al., 2010). If the
histone locus is essential for all HLB components to assembly into a nuclear body, then we
should not observe nuclear focus formation with any HLB marker in Df2L )Ds6
homozygous mutant embryos. However, if any HLB components have self-organizational
properties, we may detect nuclear foci with particular HLB markers even in the absence of
histone genes.

To address these questions, we stained populations of syncytial blastoderm staged embryos
collected from Df(2L)Ds6/+ heterozygous parents with antibodies against FLASH and Mxc
or with antibodies against FLASH and Mute. These embryos were also stained with MPM-2
monoclonal antibodies, which detects a phosphoepitope on Mxc present in cells with active
Cyclin E/Cdk2 (Fig. 6A-E, Fig. S2A,B) (White et al., 2011; White et al., 2007).
Interestingly, all embryos at cycles 11 (when mature HLB assembly occurs and histone
transcription normally begins) and 12 contained nuclei with foci of co-localizing Mxc and
FLASH that were all MPM-2 positive, even though 25% of these embryos lack histone
genes (Fig. 6A,B; Fig. S2A,B). However, the pattern of HLB marker staining differed
between embryos collected from Df(2L )Ds6l+ parents versus wild type parents. In wild type
embryos, all nuclei contained either 1 or 2 FLASH/Mxc foci or FLASH/Mute foci, which
represent paired (1 focus) and unpaired (2 foci) homologous histone loci, respectively (Fung
et al., 1998; White et al., 2007). In Df(2L )Ds6l+ collections, ~75% of the embryos contained
nuclei with either 1 or 2 Mxc + FLASH foci (Fig. 6A) and the remaining ~25% of embryos
contained a small fraction (7%) of nuclei with 3 or more Mxc + FLASH foci, along with
nuclei containing 1 or 2 foci (Fig. 6B,E). Because we never see nuclei with three or more
Mxc + FLASH foci in wild type embryos, we conclude from these data that this phenotypic
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class represents the homozygous histone deletion genotype (Table S1; p < 0.05 via Chi-
squared analysis).

In the embryos lacking histone genes, the FLASH foci were smaller than in controls (Fig.
S2C). None of these foci stained intensely with Mute, in contrast to the cells in embryos
containing histone genes at cycle 11, although weak Mute staining was detected in cells with
one or two foci (and hence a greater amount of accumulated FLASH) (Fig. 6C-E). These
results suggest that the Mxc/FLASH foci in histone deletion embryos are proto-HLBs. The
percentage of nuclei with either one or two Mxc/FLASH foci in successive nuclear cycles
was statistically similar between wild type and histone deletion embryos (Fig. S2D; p<0.05).
These percentages reflect the degree of homologous chromosome pairing during early
embryogenesis (Fung et al., 1998). This result suggests that Mxc/FLASH foci may be
assembling on chromatin in the absence of histone genes. In addition, MPM-2 staining (and
thus Cyclin E/Cdk2 phosphorylation of Mxc) occurs on these foci independent from histone
transcription. Finally, by germ band extended stages (i.e. cycles 15-16) there were no
nuclear foci present in the histone deletion embryos as assessed by staining for Mxc (Fig.
6F) or FLASH (not shown). These data indicate that Mxc and FLASH can self organize into
NBs (proto-HLBSs) in the absence of histone genes. Without the scaffold of the H3-H4
promoter sequence, these proto-HLBs are not stable, mature HLBs, and do not persist
through embryogenesis.

DISCUSSION

In most organisms the genes encoding the five replication-coupled histone proteins are
physically linked, suggesting that there has been selective pressure to maintain this linkage,
which is not the case for most sets of genes (e.g. globins, ribosomal proteins) that are
coordinately expressed. One reason for tight linkage of the histone genes might be to
promote the localization of factors required for histone mMRNA biosynthesis, particularly
those needed to form the unique histone mMRNA 3" end. A second reason might be to help
control the coordinated, cell cycle-regulated expression of all the histone genes via a cis-
acting element(s) at the locus. Our studies in Drosophila provide evidence for a ~300 nt
sequence containing only the H3-H4 bi-directional promoter that mediates the concentration
of transcription and processing factors in the HLB and promotes expression of all the
replication-coupled histone genes.

How do HLBs form during development?

Several lines of evidence suggest that Mxc and FLASH self-organize into a proto-HLB and
participate in the earliest steps of HLB assembly. First, an Mxc/FLASH-containing body
(that does not contain Mute) forms in cycle 10 of wild-type Drosgphila embryos, one cycle
prior to initiation of histone gene transcription (White et al., 2011). Similarly, in embryos
that lack histone genes we observe nuclear foci containing Mxc and FLASH, but not robust
or consistent staining of Mute, in cycles 11 and 12 when wild-type embryos have formed a
complete HLB and initiate histone gene expression. In the absence of histone DNA, the
initial proto-HLBs are unstable. Furthermore, FLASH and Mxc, but not Mute, were
recruited to the ectopic transgene (COREAT) in which H3and H4 transcription was ablated.
Finally, during mitosis Mxc and FLASH remain associated with the mitotic chromosomes,
while Mute and U7 snRNP do not (White et al., 2011), and likely serve to nucleate
formation of a mature HLB after each cell division. We suggest that the proto-HLB
represents an initial intermediate in HLB assembly that associates tightly with the H3-H4
promoter.

Although many NBs are not associated with a genomic locus, it has been proposed that a
nucleotide sequence (often RNA) “seeds” formation of the structure (Dundr, 2011). Here we
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show that a ~300 nt sequence containing the bi-directional H3-H4 promoters is sufficient to
recruit multiple HLB components, while the HZa-H2band HI promoters, or other regions of
the histone repeat, are not. Interestingly, the H3-H4 promoter fragment alone formed an
HLB, indicating that the generation of full-length transcripts is dispensable for HLB
assembly. However, preventing H3-H4 transcription suspends HLB development at the
proto-HLB step. The inactivated H3-H4 promoter stabilizes this intermediate in HLB
assembly. We conclude that while the 300nt sequence between the H3and H4 genes
provides a scaffold for HLB assembly, activity from the H3-H4 promoter is necessary to
form the mature HLB.

The precise role of transcription from the H3-H4 promoter in HLB formation is not clear
from our studies. Recruitment of the additional factors (Mute and U7 snRNP) to the HLB
could be mediated through the assembly of the core transcription machinery at the H3-H4
promoter, a change in the phosphorylation status of RNA Polymerase 11, and/or active
transcription opening up the adjacent chromatin. Since many components of the RNA Pol 11
machinery assemble on promoters and remain “poised” even at times when transcripts are
not being actively generated (Nechaev et al., 2010; Zeitlinger et al., 2007), one possibility is
that components of the transcription machinery bind the H2a-HZb promoter and require a
signal from the H3-H4 promoter for initial activation. We also cannot distinguish whether
activation of the histone H2a-HZ2b genes either simply requires transcription from the H3-H4
promoter or formation of the mature HLB. We speculate that the initial transcription from
the H3-H4 promoter stimulates mature HLB formation encompassing the entire histone
repeat by facilitating the recruitment of additional Mxc and FLASH to the chromatin.

How might the 300nt between H3and H4 activate transcription of the H2a-H2b genes? This
sequence has some properties of an enhancer in that it activates genes from a distance. Since
this sequence contains the core promoter for the H3-H4 genes it seems unlikely that it acts
like a classical enhancer, by looping the chromatin between the H3-H4 and H2a-H2b
promoters. In addition, the function of the putative enhancer would not be affected by
mutation of the TATA box. It seems more likely that transcription from the H3-H4
promoter, which leads to recruitment of the additional HLB factors, results in activation of
the HZa-HZ2b genes. This could result either from the HLB factors altering the chromatin
structure throughout the histone locus or by them directly recruiting coactivators to the
histone genes.

Model for HLB Assembly

In our model of HLB formation (Fig. 7), the initial event is a stochastic association of Mxc
and FLASH that is triggered by an unknown mechanism at embryonic cycle 10 and that can
occur independently of the histone genes. This Mxc/FLASH proto-HLB complex associates
with the histone H3-H4 promoter prior to transcription of the histone locus, and provides a
platform for the subsequent recruitment of the remaining HLB components. Recruitment of
additional components, such as Mute, requires assembly of the core transcription complex or
actual transcription from the promoter. Neither FLASH nor Mxc has obvious sequence-
specific DNA binding domains, and current evidence suggest that in mammals the Mxc
orthologue NPAT functions as a co-activator binding to some component of a complex
present on the promoter, rather than binding directly to the DNA itself (Miele et al., 2005;
Wei et al., 2003; Ye et al., 2003). There may be another, as yet undefined, component of the
HLB that directly binds to the H3-H4 promoter as well as to Mxc/FLASH to form the initial
complex on the histone gene repeat, or else a unique feature of the chromatin in this region
recruits Mxc/FLASH. Close inspection of the 300 nt sequence in 12 Drosophila species did
not reveal any highly conserved elements in the H3/H4 promoter other than the TATAA
boxes (Fig. S3).
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HLBs compared with other nuclear bodies

The HLB differs from most NBs (e.g. Cajal bodies and PML bodies) because it is
constitutively associated with a specific locus and the biosynthesis of a specific class of
mRNAs. The nucleolus, which also assembles at a specific, repetitive gene locus, is one
nuclear body with many similarities to the HLB. Indeed, a similar approach to ours that
utilized ectopic rDNA genes in the Drosophila salivary gland has been used to address
issues of nucleolar formation (Karpen et al., 1988). Transcription complexes including Poll,
SL1 and Ubf form on arrays of rRNA promoters containing no rDNA coding regions,
resulting in assembly of a body that has some features of the nucleolus (Prieto and McStay,
2008). Maintenance of morphologically complete nucleoli at rDNA genes requires both
transcription and processing of rRNA (Hernandez-Verdun, 2006). Pre-nucleolar bodies form
in experimentally induced micro-nuclei containing no rDNA (Hernandez-Verdun et al.,
1991). Thus, there are likely to be similarities between the assembly process of the nucleolus
and the HLB (Denissov et al., 2011). However, the incredible complexity of the nucleolus
makes it difficult to comprehensively investigate the relationship between nucleolar
structure and its multiple associated functions, some of which are not specifically involved
in rRNA production (reviewed in (Boisvert et al., 2007)).

What are the functions of the HLB?

The HLB components that we have studied here (Mxc, FLASH, Mute and U7 snRNP) are
all concentrated exclusively in the HLB and each is essential for proper Drosophila
development (Bulchand et al., 2010; Godfrey et al., 2006; Godfrey et al., 2009; Saget et al.,
1998) (D.C.T, W.F.M. and R.J.D, unpublished). However, we cannot conclude from this
observation that the HLB itself is essential. FLASH and U7 snRNP have clearly defined
biochemical functions in histone pre-mRNA processing (Burch et al., 2011b; Godfrey et al.,
2006; Godfrey et al., 2009; Yang et al., 2009), while NPAT is essential for histone gene
expression in mammals and Drosophila (White et al., 2011; Ye et al., 2003). The
biochemical function of Mute is not known (Bulchand et al., 2010). HLBs may enhance the
efficiency or rate of biochemical reactions associated with histone mRNA biosynthesis by
increasing the local concentration of low-abundance factors at the histone locus. For
instance, we previously found U7 snRNP is expressed but not localized to HLBs in
Drosophila H2aV/ mutants, resulting in misprocessing of histone mMRNA (Wagner et al.,
2007). Concentration of histone biosynthetic factors in the HLB may also provide a
mechanism for the coordination of gene expression. It is remarkable that the TATA
mutation in the COREAT construct not only blocked H3-AH4 transcription, but also
suppressed transcription from the neighboring /2a gene containing an intact promoter,
suggesting a role for the HLB in coordinating expression of all the histone genes. Precisely
defining the HLB nucleation sequence will allow us to dissect the molecular details of
control of coordinate expression of the multiple genes in the histone locus, as well as the
specific interactions that direct HLB assembly.

MATERIALS AND METHODS

Drosophila Strains

Histone locus sequences (Supplemental Experimental Procedures Table 1) were inserted
into pattB (gift from K. Basler) and integrated into either 86Fb (BDSC 23648) or 102D
(BDSC 24488) by $C31 mediated recombination (BestGene, Inc).

Histone Expression Analysis

Total RNA was extracted from tissues with Trizol (Invitrogen). cDNA, synthesized with
RevertAid reverse transcriptase (Fermentas), was used for SYBR green (Fermentas)
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mediated gPCR quantification with an Applied Biosystems 7900HT PCR machine and
detection of hybrid H3-vector and H4-vector transcripts. (Primers listed in Supplemental
Experimental Procedures Table 2). qPCR results are presented as an average of at least 3
biological replicates; error bars represent SEM. Total salivary gland RNA or control yeast
tRNA was hybridized to either a FLAG-H2a or FLAG-H4 radiolabeled probe (details in
Supplemental Experimental Procedures) and subjected to S1 nuclease digestion and analysis
as previously described (Lanzotti et al., 2002).

Immunofluorescence

Polytene squashes were prepared as described (Paro, 2000). Staining conditions and
antibodies used are summarized in Supplemental Experimental Procedures Tables 3 and 4.
Images were obtained on a Zeiss 510 confocal microscope. Ectopic HLBs were quantified
by determining the percentage of ectopic foci in nuclei of 15-20 1M sections of a 150 pM?
area in the posterior of 7-10 salivary glands. Graphs represent the mean and SEM for each
indicated transgene.

Analysis of Histone Deletion Embryos

Post-blastoderm histone deletion embryos were collected from Df(2R)Ds6/Cy0,twi-GFP
parents and identified by lack of GFP expression. Syncytial stage histone deletion embryos
were genotyped by the number of FLASH foci per nucleus. Briefly, nuclei of 20 WT
embryos ranging from cycles 11-14 were counted to (1) ensure that 3+ foci are never present
and (2) determine that WT embryos have at least 10% of nuclei containing 2 foci. Images
from 59 embryos of the Df(2L)Ds6/CyO, twi-GFP collection were sorted into three classes
based on foci present in the nuclei of each image. Images with only 1 or 2 foci in each
nucleus were identified as control siblings. This group was further categorized by
identifying embryos containing 90% or greater nuclei with a single foci as heterozygous for
the histone deletion, the remaining being WT. Histone deletion embryos were identified by
the presence of nuclei containing 3+ foci. Significance was assessed by chi-squared analysis.
HLB formation was assessed for deletion and sibling control embryos by examining pairs of
HLB markers. For each genotype, FLASH foci were identified and then scored for overlap
with Mxc or Mute. A nucleus was only considered positive if all FLASH foci co localized
with the other marker. Nuclei contained 1, 2 or 3+ foci and the graph presents the percent of
total overlap out of the total number of nuclei counted for each of these classes within a
genotype for either FLASH/Mxc or FLASH/Mute. The results are presented as a box (25th
-75th quartiles) and whiskers (10-90th percentile) plot. (GraphPad Software, La Jolla
California, USA)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1. An HLB forms at an ectopic locus containing one histone gene repeat unit

A. Diagram of the histone repeat (chromosome 2). The 5.1 kB histone repeat unit is
indicated by parentheses. A fragment containing 1.2 repeat units (HL-FL) was cloned and
inserted into the Drosophila genome at either site 86Fb on chromosome 3, or at site 102D on
chromosome 4. The yellow bars in the HLT-FL construct represent N-terminal FLAG tags
in H2aand H4.

B. Chromosome squashes from salivary glands of third instar larvae containing the HL-FL
at 86Fb (left; n=15) or no transgene (right; n=7) stained with Mute (red), FLASH (green)
and HP1 (pink, top panel) or Lsm11 (green) and HP1 (pink, bottom panel). The insets show
a higher magnification of the 86Fb chromosome region except the panel with * which shows
chromosome 4 (102D). The arrowhead indicates the endogenous HLB and the arrow
indicates chromosomal position 86Fb. Bars = 10 pm.

C. Chromosome 4 from salivary glands of 3™ instar larvae containing the HL-FL transgene
at position 102D (arrow; n=8) stained with HP1 (pink) and either FLASH (green, top) or
Lsm11 (green, bottom). The endogenous histone locus near the chromocenter is indicated by
the arrowhead.

D. RT-PCR analysis of H2aand H4 expression from HLT-FL located at 86Fb (chr3) and
102D (chr4) compared to no transgene (NT). Histone gene expression was normalized
relative to the expression of actin mMRNA. Error bars represent SEM.
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Fig 2. The H3-H4 genes assemble an ectopic HLB

A. Diagram of the four constructs inserted into chromosomal location 86Fb. The yellow bars
represent N-terminal FLAG tags in H2aand H4.

B. HLB assembly for each construct (indicated at left) was assessed by confocal microscopy
of intact salivary gland nuclei stained with Mxc and FLASH (left), Mute and FLASH
(center) or Mxc and Lsm 11 (right). The endogenous HLB contained Mxc (pink), FLASH
(green), Mute (red) and Lsm11 (blue) in all samples (arrowhead). Note the assembly of an
ectopic HLB with each marker for nuclei containing the HL 7-FL or the H3-H4 transgenes
(arrow). Scale bar indicates 10 pm.

C. Quantification of ectopic HLB formation. Error bars depict SEM.

D. Expression of histone mRNA from the HLT-FL transgene was assessed throughout
development by 5" S1 nuclease protection assay using a 32P end-labeled (red star) probe (P)
complementary to either the H2a or H4 endogenous and ectopic transcripts. Numbers above
the gel indicate the amount PTE of RNA (g, except glands which were total number of
glands) in each reaction. The S1 nuclease assay is diagrammed below the gel. Numbers
indicate the length in nt of the probe (P), ectopic (T) and endogenous (E) protected HZ2a or
H4 transcripts. The black triangle indicates nuclease cleavage of the probe at the point where
the RNA (vertical dashed line below probe) is not complementary.

E. Expression of histone mMRNA was assessed in salivary glands by 5" S1 nuclease
protection assay. Roman numerals indicate the transgene inserted in each sample (depicted
in A). Note that ectopic histone expression (T) was detected from constructs carrying HL 7-
FL and H3-HA4.

F. Relative histone mRNA expression was measured for H2a (light blue columns) and H4
(light green columns) by gRT-PCR and quantification of the S1 protection assay (dark
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columns). Both assays are presented as fold expression compared to HL 7-FL, which was set
at 1.0. Error bars depict SEM.
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Figure 3. The H3-H4 Promoter Assemblesan Ectopic HLB

A. Diagram of the five constructs inserted into chromosomal location 86Fb. The yellow bars
represent N-terminal FLAG tags in H2aand H4. The promoter swap (PS) includes the
bidirectional promoter and 5"UTR from each gene pair.

B and C. HLB assembly for the indicated constructs was assessed with the indicated markers
and quantified as in Figure 2. V5 antibody was used to detect Lsm11 in a strain where V5-
Lsm11 replaces the endogenous protein. Note that the H3-H4 promoter (H3-H4, H2a-
H2bPS) assembles an HLB, regardless of the associated transcript.

D and E. Histone gene expression was assessed and quantified as in Figure 2. Numbers in
the diagram indicate the length in nt of the probe and possible protected fragments. Roman
numerals refer to the depicted transgene, and NT is the no transgene control. Note robust
histone MRNA expression from HLT-FL, H3-H4 (T) and H2a-H2bPS (T*)
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Figure4. The H3 and H4 coding region and 3’ processing signalsare not required for HLB
assembly

A. Diagram of the three constructs inserted into chromosomal location 86Fb. The yellow
bars represent N-terminal FLAG tags in H2aand H4.

B and C. HLB assembly for the indicated constructs was assessed with the indicated markers
and quantified as in Figure 2. Note that all three constructs assemble an HLB

D. Transcription from the H3-H4P transgene was assessed by RT-PCR using a primer in
either the H3 or H4 5" UTR and corresponding flanking vector sequence as diagramed above
the gel. Transcripts were detected in the H3-H4P strain (lane 4) and not the NT control.
RP49 transcripts were detected in all cDNA preparations. Genomic DNA was analyzed in
lanes 5 and 6, confirming the presence of the transgene.

Dev Cell. Author manuscript; available in PMC 2014 March 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 20

A Mooy

HLT-FL())
H3-H4 (1) S— ]
CORE (VI) — m— — —

COREAT(VI) T NAV Y/ N —

2xH3-H4 (Vill) — e — —

(=] Vixc | FLASH | merge | FLASH| liic | merge [V H4

NT | VI VI
= o= == 842bp

T 342 bp

ESN @8 & & 253 bp

1.2 3 4

E

H2a
NT | VI Vi

g 2x-14] cone 7] CORE |

P @5 #% o #= 463 bp

.
|

m
~9
o
-

@

©

g

°

Ectopic HLB Formation F Ha
S M FLASH,Mxc 8 FLASH,Mute T
g P e % 842 bp
8
EES T -— 342 bp
3 EWS S - & 53,
Lt i 1 2 3 4
s HLT-FL H3-H4 CORE CORE""  2xH3-H4
G. Transgene Expression . . pcr H ;;a':_zg:;rn
O s+
3" mH2as1 S P
© H4PCR 3 = H4 S1
£ mH4S1T £
g o Hos
k] & °
= S
NT HLT-FL CORE CORE*" L HLT-FL H3-H4 2xH3-H4

Figure5. Transcription isrequired for HLB assembly

A. Diagram of the constructs inserted into chromosomal location 86Fb. HLB assembly was
assessed and quantified as in Figure 2. The orange bar indicates the HA tag added to the H3
T gene. The 2867 bp CORE construct contains both the H2a-H2b and H3-H4 gene pairs.
The COREAT construct contains mutations in both the H#2and H4 TATA (AT) boxes.
2xH3-H4 contains a duplication of the H3-H4 gene pair in which only one of the H4
transgenes contains a FLAG tag.

B and C. HLB assembly for the indicated constructs was assessed with the indicated markers
and quantified as in Figure 2. Note that while the CORE construct assembles an HLB,
mutating the H3 and H4 TATA boxes reduces Mxc/FLASH assembly and results in
undetectable Mute accumulation. Also note that increasing the number of transcription units
increases Mute recruitment (compare H3-H4 and 2xH3-H4).

D-H. Histone gene expression was assessed and quantified as in Figure 2. Roman numerals
refer to the depicted transgene, and NT indicates a no transgene control. Note the expected
lack of transgenic H4 transcription (Fig.5 D) and absence of ectopic H2a (Fig.5 E) from the
COREAT construct. Also note that ectopic H4 mRNA levels increased upon addition of
another H3-H4 gene pair (F).

See also Supplemental Figure 1.

Dev Cell. Author manuscript; available in PMC 2014 March 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salzler et al.

Page 21

focus 2 foci

E Foci Overlap: FLASH+Mxc FLASH+Mute F m

=] focus| 210ci [ortoci]  HisA |

B D {1 T

JaY! focus|
H
i
l
C
H
i
i

con__HisA _con _HisA HisA

% nuclei: 82 89 43 47 18 11 50 46 7
Q.

K 100 [ ] — e==n - o=

: | ’Rl

2 50

]
= 4 |8
E H
0
é 1 focus 2 foci 3+ foci

12h  2-4h  4-6h _6-8h 8-10h 10-12h12-14h

1 2 3 4 5 6 7 8

Figure 6. HL B assembly in the absence of the Histone L ocus

A.-D. Syncytial Df(2L)Ds6 and control sibling embryos from a 1.5 to 2.5 hr collection were
stained with a FLASH and aMxc (panels A,B) or aFLASH and aMute (panels C,D. Arrows
indicate the nuclei chosen for split channel magnification to highlight cells with 1 focus
(long arrow), 2 foci (double arrow) and 3+ foci (short arrow). Scale bar = 10 pm.

E. Percent overlap was calculated by measuring complete overlap of FLASH foci and either
Mxc (blue) or Mute (green) in each nucleus. The percent of total nuclei represented in each
class (control or histone deletion for each antibody pair) is given across the top X axis
(FLASH+Mxc, con N=943, HisA N=758, FLASH+Mute, con N=1144, HisA N=1397). The
box represents the 25t to 75™ percentiles, the line in the box represents the median value,
and the bars extend to the 10t and 90t percentiles.

F. MXC foci (green) are not present in germ band extended mutant embryos (cell cycle 15
and 16). Mxc HLBs are present in the GFP positive sibling control nuclei, as outlined by
lamin (red, left embryo, yellow arrow), whereas no foci are present in the GFP negative
histone deletion embryo (right, white arrow).

G. Western blot analysis of histone H2a levels from an equal number of staged wild type
embryos.

See also Supplemental Figure 2 and Supplemental Table 1.
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Figure 7. Model for HLB assembly and maintenance

FLASH and Mxc form a “proto-HLB” in the absence of transcription. The proto-HLB is
detected in syncytial stage embryos (cycle 10), histone deletion mutant embryos, and loci
where histone transcription is abolished through mutation of the H3-H4 TATA boxes. While
FLASH and Mxc are the earliest known components that begin to organize the HLB, it is
possible that an additional factor(s) facilitates the interaction between Mxc/FLASH and the
histone locus (grey triangle). Next, Cyclin E-mediated phosphorylation of Mxc (star)
coincides with the onset of zygotic transcription during embryonic cycle 11. Transcription
initiation from the H3-H4 promoter recruits Mute and U7 snRNP (Lsm11) to the HLB, and
FLASH and Mxc continue to accumulate at the locus. S phase expression of all replication
dependent histone genes transiently recruits to the locus other factors required for mMRNA
biogenesis, such as Spt6 and Symplekin. Finally, once established, the HLB remains
associated with the locus in the absence of histone gene expression.

See Also Supplemental Figure 3.
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