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ABSTRACT The histone locus body (HLB) is an evolutionarily conserved nuclear body that
regulates the transcription and processing of replication-dependent (RD) histone mRNAs,
which are the only eukaryotic mRNAs lacking a poly-A tail. Many nuclear bodies contain dis-
tinct domains, but how internal organization is related to nuclear body function is not fully
understood. Here, we demonstrate using structured illumination microscopy that Drosophila
HLBs have a “core—shell” organization in which the internal core contains transcriptionally
active RD histone genes. The N-terminus of Mxc, which contains a domain required for Mxc
oligomerization, HLB assembly, and RD histone gene expression, is enriched in the HLB core.
In contrast, the C-terminus of Mxc is enriched in the HLB outer shell as is FLASH, a component
of the active U7 snRNP that cotranscriptionally cleaves RD histone pre-mRNA. Consistent
with these results, we show biochemically that FLASH binds directly to the Mxc C-terminal
region. In the rapid S-M nuclear cycles of syncytial blastoderm Drosophila embryos, the HLB
disassembles at mitosis and reassembles the core-shell arrangement as histone gene tran-
scription is activated immediately after mitosis. Thus, the core—shell organization is coupled
to zygotic histone gene transcription, revealing a link between HLB internal organization and
RD histone gene expression.
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INTRODUCTION

The nucleus is a highly dynamic and yet well-organized cellular com-
partment containing many structures that have been studied using
a variety of microscopic approaches. Among these are nuclear bod-
ies (NBs), which are composed of nucleic acids and proteins that
partition via liquid-liquid phase separation (LLPS) into relatively
large, nonmembranous structures visible by light microscopy
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(reviewed in Mao et al., 2011; Zhu and Brangwynne, 2015; Stanek
and Fox, 2017; Sawyer et al., 2018). Their formation is associated
with a wide range of cell biological processes, including ribosome
biosynthesis (Hernandez-Verdun et al., 2010), proteolysis (Lafarga
et al., 2002), transcription and processing of specific RNAs (Nesic
et al., 2004; Strzelecka et al., 2010; Duronio and Marzluff, 2017; Hur
et al., 2020), storage of different classes of RNAs and proteins
(Galganski et al., 2017; Fox et al., 2018), gene pairing and silencing
(Grimaud et al., 2006; Lanzuolo et al., 2007), stress responses (Sahin
et al., 2014; Scherer and Stamminger, 2016), and control of cell cy-
cle progression (Tsai and Pederson, 2014). Despite this wide range
of known processes, detailed understanding of the functional sig-
nificance of NB formation, organization, and biophysical properties
is lacking for most bodies. Many NBs contain internal substructure,
with different factors localizing to distinct domains within the body
(reviewed in [Sawyer et al., 2019; Lafontaine et al., 2021]). For
example, mammalian nucleoli have a tripartite phase structure in
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which the three domains function independently in the transcription
and processing of rRNAs and assembly of ribosome subunits (Feric
et al., 2016; Lafontaine et al., 2021). Other bodies such as para-
speckles and PML bodies have a “core-shell” organization in which
some factors occupy a central core domain that is surrounded by a
shell domain containing a distinct set of factors (Boisvert et al., 2000;
Hands et al., 2014; West et al., 2016; Fox et al., 2018). Although the
core-shell arrangement is thought to be functionally significant,
whether it is a cause or a consequence of the biochemical processes
associated with particular NBs is often unclear. Here we describe a
core-shell organization of the Drosophila histone locus body (HLB)
that is associated with the transcription and processing of replica-
tion-dependent (RD) histone mRNAs.

HLBs are nuclear bodies that form exclusively at clusters of RD
histone genes in animal cells (Duronio and Marzluff, 2017). In mouse
and human cells these clusters reside at two different genomic loca-
tions (Marzluff et al., 2002), whereas Drosophila melanogaster con-
tains a single large cluster on chromosome 2 comprising ~100 cop-
ies of a tandemly arrayed 5kb repeat unit containing each of the 5
RD histone genes (H1, H2a, H2b, H3, and H4; Lifton et al., 1978;
McKay et al., 2015; Bongartz and Schloissnig, 2019). HLBs contain
factors necessary for transcription and processing of RD histone
mRNAs, which, unlike all other mRNAs, terminate in a conserved
stem loop structure rather than a poly-A tail (Marzluff and Koreski,
2017). These factors include several that function only in histone
mRNA biogenesis (Duronio and Marzluff, 2017). Generation of this
specialized mRNA 3’ end requires factors that interact with cis ele-
ments within nascent RD histone pre-mRNA, including stem loop
binding protein (SLBP), which binds the RD histone mRNA 3" UTR
stem loop, and U7 snRNP, which interacts with a sequence down-
stream of the stem loop. The Lsm11 subunit of U7 snRNP directly
binds the N-terminal region of FLASH. This interaction forms a sur-
face that recruits the histone cleavage complex (HCC), which con-
tains the scaffolding protein Symplekin bound to CPSF73/CPSF100
nuclease and catalyzes an endonucleolytic cleavage four nucleo-
tides downstream of the stem loop to generate the 3" end of mature
RD histone mRNA (Dominski et al., 2005; Sabath et al., 2013; Yang
etal., 2013; Skrajna et al., 2017, 2018). The recently solved cryo-EM
structure of these processing factors bound in their active configura-
tion to RD histone pre-mRNA provided important mechanistic in-
sight into RD histone mRNA 3’ end formation (Sun et al., 2020).
However, how these factors are organized within relatively large (~1
pm) HLBs in vivo, particularly relative to factors involved in RD his-
tone gene transcription, is unknown. In addition, although some
Drosophila HLB factors (e.g., U7 snRNP and FLASH) are constitu-
tively localized to HLBs (Liu et al., 2006; White et al., 2007, 2011;
Yang et al., 2009), others such as the HCC are only recruited to the
HLB when RD histone genes are expressed during the S phase (Ta-
tomer et al., 2014). Whether this dynamic recruitment depends on a
particular biochemical organization or biophysical property of HLBs
is an important outstanding question.

NBs and other biomolecular condensates often display proper-
ties consistent with liquid-liquid phase separation (LLPS) (Banani
et al., 2017, Shin and Brangwynne, 2017). We recently demon-
strated that in Drosophila embryos the HLB undergoes LLPS, and
that this behavior can be modeled based on phase separation of a
single component (Hur et al., 2020). The best candidate for this
single component is Mxc, the Drosophila ortholog of human NPAT
required for HLB assembly (White et al., 2011). Mxc and NPAT only
accumulate at RD histone genes and represent the most definitive
marker of HLBs in animal cells (Ma et al., 2000; Zhao et al., 2000;
White et al., 2011; Kaya-Okur et al., 2019). Mxc (1837 aa) and NPAT
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(1427 aa) are large proteins composed mostly of intrinsically disor-
dered regions. Each protein is required for RD histone mRNA ex-
pression, yet neither has a predicted sequence-specific DNA bind-
ing domain, and they likely function as a scaffold for recruitment of
transcription and processing factors needed for histone mRNA syn-
thesis (Wei et al., 2003; Ye et al., 2003; Miele et al., 2005; White
et al., 2011). Mxc contains a self-interacting region located at the
N-terminus that includes a LisH domain responsible for Mxc oligo-
merization and HLB formation (Terzo et al., 2015). FLASH is another
large, intrinsically disordered protein in HLBs that is essential for
histone pre-mRNA processing (Yang et al., 2009). The C-terminus of
NPAT binds directly to FLASH (Yang et al., 2014), and in Drosophila
the C-terminal region of Mxc is required for recruiting FLASH to the
HLB and for efficient histone pre-mRNA processing (Terzo et al.,
2015; Tatomer et al., 2016).

Despite the knowledge of HLBs gained from standard confocal
microscopy, this approach does not provide sufficient resolution to
examine how Mxc/NPAT and other factors are organized within the
HLB. We hypothesized that these large NBs (0.5-1 ym in diameter
for fly and mammalian HLBs) have substructure that is important for
biological function. Specifically, we wished to determine whether
histone mRNA biogenesis occurred within the HLB, or whether the
HLB was adjacent to the histone genes. We addressed these issues
using structured illumination microscopy and found that in early
Drosophila embryos the HLB is configured in a core-shell arrange-
ment with a different region of Mxc present in each domain. Na-
scent histone mRNA and RNA pol Il are found in the central core
domain and the essential pre-mRNA processing factor FLASH re-
sides in the outer shell domain. These results reveal coincidence of
HLB internal organization and histone gene expression and suggest
that some processing factors might move between domains within
the HLB.

RESULTS

Superresolution microscopy reveals substructure within
histone locus bodies

To gain insight into the organization of HLBs, we first compared
several different high-resolution light microscopy techniques to
determine which could provide the maximal resolution with con-
ventional preparation approaches and available detection re-
agents in order to best capture possible internal substructure. Be-
cause some microscopy techniques are sensitive to out-of-focus
light and not compatible with thick samples, we focused our analy-
ses on the Drosophila syncytial blastoderm embryo, where the nu-
clei are located at the surface. We imaged carefully staged cycle
14 embryos because their nuclei have activated zygotic histone
gene expression and have a longer S-phase than earlier cycles,
and thus contain abundant “active” HLBs (Hur et al., 2020). The
nuclei of these embryos are amenable to several different types of
microscopy with high signal-to-noise ratio and can be situated
relatively close to a coverslip, within 10-20 pm. We found using
standard laser scanning confocal microscopy (reported by the
manufacturer to give a lateral resolution of 200 nm) and an anti-
body against the C-terminal 169 amino acids of Mxc (MXC-C)
(White et al., 2011) that HLBs appeared primarily as roughly spheri-
cal blobs with areas of higher and lower intensity but without well-
defined regions (Figure 1A). We next used Zeiss Airyscan micros-
copy (reported by the manufacturer to give a lateral resolution of
140 nm) and found that MXC-C signal accumulated in defined re-
gions, in which we began to resolve a central region that was de-
pleted of C-terminal Mxc staining (Figure 1B). Finally, we used
structured illumination (SIM; manufacturer theoretical resolution of
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Increasing resolution of light microscopy reveals substructure within Drosophila HLBs. Maximum-intensity
images of syncytial nuclear cycle 14 Drosophila embryos stained with antibodies that recognize the C-terminal 169
amino acids of the HLB factor Mxc (MXC-C) and DAPI. A single HLB is magnified in the right-hand column with the
theoretical resolution of the microscope indicated in the upper left of each panel. (A) Standard laser scanning confocal
image. (B) Airyscan processed confocal image. (C) SIM reconstructed image. Scale bars are 5 um in the left and middle

panels and 2 ym in the right panel.

115 nm) and found that MXC-C staining appeared as a shell with a
“hole” in the middle (Figure 1C). Because SIM gave the best reso-
lution, we used this technique to further elucidate the localization
of factors within the HLB.

The Mxc C-terminus and FLASH have a similar pattern of
localization within the histone locus body

Mxc is a large protein (1837 aa) and thus has the potential for differ-
ent domains to be resolved from one another by light microscopy.
We therefore asked whether detection of the Mxc N-terminus would
result in a structure like that obtained with the MXC-C antibodies. To
do this we used flies expressing GFP-MXC from the endogenous
mxc locus (Hur et al., 2020). Note that in these flies all Mxc mole-
cules are N-terminally tagged by GFP, and that their development
and fertility is indistinguishable from those of wild type. Using SIM
to image embryos from GFP-MXC flies revealed GFP signal in the
center of the HLB, with MXC-C staining remaining unchanged and
forming a “shell” around the GFP signal (Figure 2, A and B). We also
used an antibody raised against the NH,-terminal 178 amino acids
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of FLASH (FLASH-N; Yang et al., 2009) and found an HLB staining
pattern similar to that of MXC-C, namely a shell with a hole in the
center that was filled with GFP signal (Figure 2, A-C). FLASH-N and
MXC-C staining largely overlapped (Figure 2C). Line scans across
many HLBs demonstrate that FLASH-N shows staining profiles more
similar to MXC-C than to GFP-MXC (Figure 2D and Supplemental
Figure 2). This is consistent with previous observations that the C-
terminal portion of Mxc is required for FLASH recruitment to the
HLB (Terzo et al., 2015) and that the C-terminus of NPAT binds di-
rectly to FLASH (Yang et al., 2014). Using an antibody that was
raised against the C-terminal 178 amino acids of FLASH, we ob-
served a shell structure similar to that obtained using the FLASH-N
antibody (Figure 2E). Thus, unlike Mxc, most of the entire FLASH
protein localizes to the HLB shell domain.

To quantify further the relative locations of GFP-MXC, MXC-C,
and FLASH, we first used Imaris software to segment either the
FLASH-N signal or the MXC-C signal into surfaces across 48 indi-
vidual HLBs from different embryos. We then used the “Spots” func-
tion to localize peak signal intensities in 3D space for GFP-MXC,
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MXC-C, and FLASH-N within these same individual HLBs (Figure
2F). After this segmenting, we measured the shortest distances from
each of the peak intensities to the rendered surface for FLASH
(Figure 2G) or the rendered surface for MXC-C (Figure 2H). From
this analysis we found that the GFP-MXC peak intensities were pri-
marily localized positive distances away from (>0.0 pm) the space
enclosed by the FLASH-N or MXC-C rendered surfaces (Figure 2, G
and H). Conversely, both the MXC-C and FLASH-N peak intensities
were primarily located within (<0.0 pm from) the space enclosed by
either the MXC-C or FLASH-N surfaces (Figure 2, G and H). Note
also that as would be expected from our analysis, all of the peak
intensities for FLASH-N were located within (i.e., <0.0 microns from)
the rendered surface of FLASH (Figure 2G), and all of the peak in-
tensities MXC-C were located within (i.e., <0.0 ym from) the ren-
dered surface of MXC-C (Figure 2H). These data are consistent with
the Mxc N-terminus (GFP-MXC signal) occupying a distinct location
within the center of the HLB relative to both FLASH and the Mxc
C-terminus (MXC-C), which largely overlap.

To test whether the lack of MXC-C and FLASH staining within the
center of the HLB was a result of the antibodies simply not penetrat-
ing the HLB interior, we used an antibody against GFP. We found
that anti-GFP and GFP-MXC had similar staining patterns that were
largely overlapping (Figure 2, | and J). We then segmented the anti-
GFP signal into a “surface” and measured the distances from this
surface to peak intensity spots from anti-GFP and GFP-MXC signals
for 109 HLBs. Consistent with the line scans, these measurements
revealed that the majority of GFP-MXC peak intensities were local-
ized within the space enclosed by the anti-GFP surface (Figure 2K),
indicative of penetration of the anti-GFP antibody into the interior of
the HLB. These results establish that IgG molecules can access the
HLB core in fixed embryos. Because GFP-MXC is fully functional, we
conclude that the conjugated GFP provides an accurate representa-
tion of the location of the native Mxc N-terminus within the HLB.

The GFP-MXC and MXC-C data are consistent with a model in
which the N- and C-terminal regions of Mxc, a large protein contain-
ing 1837 amino acids, predominantly reside in different regions of
the HLB that can be resolved by light microscopy. To further test this
model, we used CRISPR to engineer different versions of endoge-
nous Mxc tagged at its C-terminal end. The first tag we tested was
a fusion to the red fluorescent protein mScarlet. MXC-mScarlet sig-
nal often appeared as a doughnut or hollow shell within the HLB
similar to MXC-C (Figure 3A). This signal also overlapped exten-
sively with anti-RFP staining (Figure 3, A-C), indicating concordance
between two different methods of detection and suggesting that
the C-terminus of Mxc is depleted from the center of the HLB
(Figure 3A). However, the SIM reconstructions we obtained from
MXC-mScarlet were consistently more diffuse and less precise than
the results of antibody labeling (Figure 3A), and sometimes the
MXC-mScarlet signal lacked an obvious “hole” even when this was
apparent with anti-RFP antibodies (Figure 3B). We quantified the
overlap between the anti-RFP and mScarlet signals by segmenting
the anti-RFP signal into a surface and then assigning peak intensity
“spots” from both the anti-RFP and mScarlet signals and measuring
the shortest distance from these spots to the anti-RFP surface ren-
dering. All the anti-RFP “spots” were within (<0.0 um) the space
enclosed by this surface, as expected, and 97% of the mScarlet
“spots” were also within the anti-RFP surface space (Figure 3C).
These data suggest that even though the mScarlet results in more
diffuse reconstructions, it is still highly enriched in the domain of the
anti-RFP signal. We next tagged the C-terminus of endogenous
Mxc with APEX2 enzyme (Lam et al., 2015) and stained embryos si-
multaneously with anti-APEX2 and anti-FLASH antibodies. (Note
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that we are not using the enzymatic activity of APEX2 to biotinylate
proteins in this experiment.) SIM imaging of these HLBs revealed
anti-APEX2 signal in the same configuration as MXC-C and largely
overlapping with FLASH-N (Figure 3D), consistent with the core—
shell model. Finally, to test if we could resolve the two ends of Mxc
using a similar method, we analyzed HLBs in embryos derived from
GFP-MXC/MXC-mScarlet mothers. In theory, the HLBs in these em-
bryos will contain a 1:1 mixture of each fluorescent protein. As de-
scribed above, we found using FLASH-N antibodies that the FLASH
signal formed a shell around the Mxc-GFP signal (Figure 3, E-G). We
also detected nonuniformity in both the GFP-MXC and the MXC-
mScarlet signals, including “holes” in the MXC-mScarlet signal.
However, unlike with the MXC-C antibody, most of the MXC-mScar-
let signal overlapped with the GFP-MXC signal and was within the
FLASH-N shell (Figure 3, E-G). Thus, two different methods of de-
tecting the Mxc C terminus (Ab staining and fusion to a fluorescent
protein) give somewhat different results (see Discussion).

As a further test of the core-shell model and to avoid the caveat
that our fixation conditions might not accurately represent HLB or-
ganization in vivo, we imaged HLBs in live embryos expressing only
the MXC-mScarlet protein (Figure 4). Our goal was to determine
whether we could detect “holes” in the mScarlet signal, which
would indicate that the C terminus of Mxc was more enriched to-
ward the outside of the HLB. For live embryo imaging, we are un-
able to use SIM and thus obtain the level of resolution that tech-
nique affords. We therefore imaged unfixed live cycle 13 (Figure 4A)
or cycle 14 (Figure 4B) embryos using a Leica SP8 LIGHTNING mi-
croscope, which provides higher resolution than standard confocal
microscopy. Using this approach, we observed nonuniformity of the
MXC-mScarlet signal within HLBs, including “holes” toward the
center (Figure 4, C-E). The mScarlet signal bleached quite rapidly
during imaging (Figure 4C), and as the fluorescence waned these
holes became more apparent, suggesting smaller amounts of MXC-
mScarlet protein within the centermost regions of the HLB (Figure
4D). Taken together with the results from fixed embryos, our data
indicate that the HLB of early Drosophila embryos assumes a core—
shell configuration in which the Mxc N-terminus predominantly lo-
calizes to the central core domain, while FLASH predominantly lo-
calizes to the outer shell domain. The Mxc C-terminus is more
enriched in the HLB shell than the core, with the MXC-C antibodies
revealing this difference more clearly than MXC-mScarlet.

The C-terminal region of Mxc binds directly to the
C-terminal region of FLASH

We showed previously that the C-terminal region of FLASH is es-
sential to localize FLASH to the HLB (Burch et al., 2011). We also
previously demonstrated using in vitro pull-down assays that the C-
terminal 16 amino acids of the human NPAT protein bind directly to
the SANT domain at the C-terminus of human FLASH (Yang et al.,
2014). Thus, one explanation for the enrichment of the Mxc C-termi-
nus in the shell domain of the Drosophila HLB is that Mxc and FLASH
interact directly. The MXC-C antibody immunoprecipitated FLASH
from a nuclear extract derived from cultured Kc cells (Figure 5A, lane
4). To determine whether coimmunoprecipitation results from direct
binding between FLASH and Mxc, we used a series of 3°S-labeled in
vitro translated proteins containing different regions of the C-termi-
nus of Mxc and found that the last 296 amino acids of Mxc (aa 1542—
1837) were the smallest fragment that efficiently bound a bacterially
expressed GST fusion protein containing the last 178 amino acids of
FLASH (FLASH178C; Figure 5B). To further map the determinants
on Mxc that bind FLASH178C, we used a series of C- and N-termi-
nal truncations of the Mxc-296 fragment in the GST pull-down assay
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(Figure 5, C and D). We mapped the FLASH interaction domain to
between amino acids 1542 and 1745 of the full-length 1837 aa Mxc
protein (Figure 5, D and E). Fragments between amino acids 1609
and 1837 or 1542 and 1686 bound FLASH178C with lower affinity.
Interestingly, the mxcG4é nonsense mutation has a stop codon in
the center of this domain that truncates the Mxc protein after 1643
aa (Figure 5, B and E) and results in a failure of FLASH to accumulate
in HLBs (White et al., 2011; Terzo et al., 2015; Tatomer et al., 2016).
Removal of the last 133 amino acids of FLASH also results in failure
of FLASH to accumulate in HLBs (Burch et al., 2011; Tatomer et al.,
2016). These data demonstrate that FLASH binds the same region
of Mxc that is enriched in the HLB shell domain, consistent with our
SIM microscopy data indicating that FLASH localizes to the HLB
shell.

Transcription occurs in the core domain of the histone locus
body

Because the N-terminus of NPAT and Mxc are necessary for expres-
sion of RD histone genes (Wei et al., 2003; Terzo et al., 2015), we
determined whether the nascent histone RNA and active RNA Pol Il
also localized to the centers of HLBs. We have observed nascent
histone transcripts previously (Lanzotti et al., 2002, 2004; Tatomer
et al., 2016). To precisely localize these nascent transcripts relative
to HLBs, we performed RNA FISH with a probe derived from the
~400nt histone H3 coding region (Hur et al., 2020) in combination
with FLASH-N staining of cycle 14 wild-type embryos, reasoning
that this approach would give us the best opportunity to see struc-
ture within a HLB that is actively transcribing histone mRNA. SIM
imaging of these embryos revealed enrichment of H3 FISH signal in
the HLB core surrounded by FLASH staining (Figure 6, A and B).
Because nascent histone H3 mRNA was enriched in the HLB core,
we next tested whether active RNA Pol Il also was enriched there by
staining GFP-MXC cycle 14 embryos (Figure 6C) with antibodies
that recognize phospho-Ser5 on the pol Il C-terminal tail (P-Pol II).
Others have shown previously with conventional confocal micros-
copy of cultured S2 cells and nurse cells in the ovary that Pol Il is
enriched at Drosophila histone genes and can be detected at HLBs
(Isogai et al., 2007; Nizami et al., 2010; Guglielmi et al., 2013). We
found using SIM imaging that the P-Pol Il signal is enriched in the
center of the HLB like the GFP-MXC signal (Figure 6D). In the same
embryos, FLASH-N largely surrounded the P-Poll Il signal, although
a portion of the P-Pol Il staining also overlapped FLASH-N in the
outer shell as did nascent H3 mRNA (Figure 6, D and E). We con-
clude from these data that transcriptionally active RD histone genes
are localized primarily within the core of the Drosophila HLB.

Histone locus bodies attain a core—shell organization
coincident with transcription

When examining populations of younger embryos, we noticed
variance in HLB staining patterns with different antibodies as these
embryos progressed through S phase and mitosis of the syncytial
nuclear cycles. The SIM staining patterns were consistent with live
imaging of GFP-MXC in these embryos, in which we observed HLB
disassembly at each mitosis and reassembly during the subsequent
interphase (Terzo et al., 2015). In addition, early during the S phase
of each cycle, the HLB rapidly grows and attains a particular steady

state size that is dependent on the number of histone genes, which
seed HLB assembly (Hur et al., 2020). Using SIM imaging of nuclear
cycle 10, which is the earliest cycle where we can consistently ob-
serve focal staining for FLASH, we observed that the P-Pol Il was
mostly diffuse and lacked an obvious accumulation within FLASH-N
foci that was distinct from the overall staining within the nucleus
(Figure 7A). We first observe P-Pol Il puncta that clearly overlap with
FLASH-N foci in nuclear cycle 11 (Figure 7A). This result is consistent
with zygotic RD histone gene activation in cycle 11 when fully ma-
ture HLBs first appear (Edgar and Schubiger, 1986; White et al.,
2007, 2011; Terzo et al., 2015; Hur et al., 2020). During cycles 12
and 13, we observed P-Pol Il puncta that were larger and more pro-
nounced than the diffuse nuclear P-Pol Il puncta (Figure 7A). These
large P-Pol Il puncta overlap with FLASH-N puncta and represent
HLBs (Figure 7A, NC13). At higher magnification, we detected the
characteristic core-shell HLB configuration in cycles 11-13 with
FLASH-N in the shell and P-Pol Il within the core, but also overlap-
ping with FLASH (Figure 7B). In cycle 10,, the shell configuration of
FLASH-N was absent, and the small focus of FLASH-N lacked high
levels of P-Pol Il (Figure 7B). Thus, the FLASH-N foci observed dur-
ing cycle 10 likely represent immature “proto-HLBs"” that are not
associated with RD histone gene expression (Salzler et al., 2013).
Taken together, these data suggest that the core-shell HLB organi-
zation correlates with transcriptionally active RD histone genes.

To examine this possibility further, we imaged at different times
during cycle 14, which has a longer S phase and total cycle length
relative to earlier cycles (Figure 7C). Early during cycle 14 when S
phase occurs, we observed three classes of staining (Figure 7D):
1) small puncta of FLASH-N lacking the shell configuration and
without high levels of P-Pol II; 2) larger FLASH-N puncta with a
clear but less well-defined shell configuration overlapping P-Pol II;
and 3) large FLASH-N puncta in a clearly defined shell configura-
tion with high levels of P-Pol Il in the core surrounded by FLASH-
N. The organization of these three types of HLBs and the localiza-
tion of P-Pol Il within them mirrors the staining of nuclear cycles
10-13 as zygotic RD histone transcription is initiated (compare
Figure 7B, D). Thus, because transcription is aborted during mito-
sis (Shermoen and O'Farrell, 1991) and reinitiated upon entry into
the subsequent interphase, we interpret the different HLB configu-
rations within cycle 14 as reflecting rapid assembly of the HLB after
mitosis, together with the activation of RD histone gene expres-
sion when S phase begins immediately after the completion of
mitosis 13. These data also support our conclusion that the core—
shell configuration represents an “active” Drosophila HLB in which
RD histone mRNA synthesis is occurring within the core domain.

DISCUSSION

Here we used superresolution light microscopy to examine HLB
structure in Drosophila embryos. We conclude from our data that
when RD histone genes are expressed, the HLB is arranged into a
core-shell configuration like that observed in several other nuclear
bodies (Woulfe et al., 2007; Lang et al., 2010; Hands et al., 2014;
West et al., 2016; Wheeler et al., 2016; Nakano et al., 2017; Sawyer
et al., 2019; Lafontaine et al., 2021). In addition, the core—shell
configuration is most apparent when histone genes are actively
expressed, and thus represents “active” HLBs.

for GFP-MXC, MXC-C, and FLASH-N across 48 HLBs. (H) Plot of distances from the same spots in the same HLBs as in F
but using the surface rendering for MXC-C. (I) Representative anti-GFP staining (left, yellow) of a single HLB from a cycle
14 GFP-MXC embryo, compared with visualizing the GFP (center, cyan) and the merged image (right). (J) Graph of line
scan from dotted line in panel H merge. Note that the GFP-MXC (cyan) and anti-GFP (yellow) signals largely overlap.

(K) Plot of distances of GFP-MXC and anti-GFP maximum-signal intensity spots to the anti-GFP rendered surface.
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Protein tags at the C-terminus of MXC localize in the outer shell domain of the Drosophila HLB. (A) Anti-RFP,
mScarlet fluorescence, and anti-FLASH-N staining of a cycle 14 HLB. (B) Anti-RFP, mScarlet fluorescence, and MXC-C
staining of a cycle 14 HLB. (C) Plot of distances from anti-RFP and mScarlet spots to anti-RFP surface rendered HLBs.

(D) Representative anti-Apex2 and FLASH-N staining of a selected HLB from MXC-Apex2 embryos. All images are the
middle Z section of the HLB. (E) Representative anti-FLASH-N, GFP-MXC, and MXC-mScarlet fluorescence of a cycle 14
HLB. GFP-MXC and MXC-mScarlet and all three are also shown as merged images. (F) Plot of distances from anti-
FLASH-N, GFP-MXC, and MXC-mScarlet spots to anti-FLASH-N surface-rendered HLBs. (G) A representative line scan
(dashed line in panel E merge) indicating relative levels of GFP-MXC (cyan), FLASH-N (magenta), and MXC-C (yellow;
y-axis) measured across a single HLB (x-axis). Scale bars are 1 pm.
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Live imaging demonstrates nonuniform distribution of MXC-mScarlet within HLBs.
(A) Maximum-intensity projection of the first time point of a midnuclear cycle 13 MXC-mScarlet
embryo. Scale bar 5 pm. (B) Maximum-intensity projection of the first time point of a late
nuclear cycle 14 MXC-mScarlet embryo. Scale bar 5 pm. (C) Maximum-intensity projection of the
labeled time points of a single HLB boxed in panel A demonstrating the rapid photo bleaching
of Mxc-mScarlet. No thresholding was performed. (D) Contrast adjusted time points from C
showing that “holes” become more apparent after some bleaching occurs. (E) The middle z
plane of the four HLBs indicated in panel B, demonstrating the nonuniform distribution of
MXC-mScarlet within HLBs including the decrease in signal at their centers.

The core-shell HLB configuration is based on immunofluores-
cence of fixed embryos using antibodies against the HLB factors
Mxc and FLASH, as well as analysis of three different CRISPR-engi-
neered alleles encoding Mxc proteins tagged at either the NH; or
COOH terminus. Visualizing HLBs in fixed diploid cells of the early
fly embryo using antibodies against Mxc and FLASH and conven-
tional confocal microscopy results in uniformly stained spherical
HLBs in which Mxc and FLASH staining are coincident (White et al.,
2007, 2011). This type of staining is also apparent when live embryos
expressing GFP-Mxc are imaged (Terzo et al., 2015; Hur et al., 2020).
In marked contrast, these two proteins can be resolved from one
another using SIM, with a shell of FLASH surrounding a core of Mxc.
This organization was most apparent when GFP-Mxc was visualized
in conjunction with either of two different antibodies recognizing
N- and C-terminally located epitopes on the FLASH protein.

Our SIM data also suggest that the NH; and COOH regions of
Mxc can occupy distinct regions within HLBs, although here the data
are more complex. These two regions of Mxc are most clearly re-
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solved by SIM when GFP fused to the NH,
terminus of Mxc is used (i.e., either GFP-Mxc
fluorescence or anti-GFP antibodies are
used to recognize GFP-Mxc) together with
an antibody raised against the last 169 resi-
dues of the 1837-amino acid Mxc protein.
The signal from this Mxc antibody over-
lapped extensively with the signal obtained
using FLASH antibodies or with antibodies
recognizing APEX2 when it was fused to the
COOH terminus of Mxc. However, fusing
mScarlet to the COOH terminus of Mxc re-
sults in a signal that substantially overlaps
with GFP-Mxc, although we can detect de-
pletion of the Mxc-mScarlet signal from the
center of the HLB in both fixed and live em-
bryonic cells. Thus, antibodies and fluores-
cent fusion proteins give slightly different
results when detecting the COOH terminal
end of the Mxc protein. The length of the
two IgG molecules used in our primary anti-
body bound by labeled secondary antibody
detection scheme is ~17 nm (Weber et al.,
1978). This distance is smaller than the maxi-
mal distance of ~200 nm we measured from
the GFP-Mxc signal peaks to the MXC-C sig-
nal peaks in line scans (Figure 2D and Sup-
plemental Figure 2) or the mean distance of
~40 nm from GFP-Mxc spots to the surface-
rendered MXC-C, which is an underestimate
of the true distance between peak signals
(Figure 2H). Therefore, it is unlikely that anti-
body detection artifactually “extends” the
Mxc COOH signal farther to the outside of
the HLB. We also cannot rule out that the
Mxc fusion proteins subtly distort the normal
organization of the HLB, even though all
three of these CRISPR alleles are viable and
fertile when homozygous. Consequently,
some caution must be applied when various
means of detecting proteins within nuclear
bodies by superresolution light microscopy
are used. Nevertheless, in aggregate, our
results suggest that the N-terminus of Mxc
resides within the HLB core, while the C-terminus is more closely
associated with the shell, as defined by the location of FLASH. This
interpretation of the SIM data is consistent with our biochemical
observation that the C-terminal region of Mxc binds directly to
FLASH. We note that this proposed arrangement of Mxc is similar to
an observation made by examining NEAT1 IncRNA in paraspeckles,
which also organize into a core-shell configuration. In this case, the
central region of NEAT1 IncRNA resides in the paraspeckle core do-
main, whereas the 5" and 3’ ends of NEAT1 are localized to the shell
domain and may coordinate the processing of primary miRNAs
(Souquere et al., 2010; West et al., 2016; Jiang et al., 2017).
Several distinct observations allow us to conclude that the core—
shell HLB configuration correlates with actively transcribed RD his-
tone genes. First, the initial appearance of the core-shell configura-
tion during embryonic development occurs precisely when zygotic
RD histone gene expression begins. Second, both active RNA poly-
merase Il and nascent histone H3 transcripts are enriched in the HLB
core domain relative to the shell domain, demonstrating that histone
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(FLASH178C). The bound proteins were detected by autoradiography. The proteins analyzed

were as follows: lane 1: input: 448C (the C-terminal 448 aa of Mxc), 418XA194, 348C,
384CA194; lane 2: bound to GST; lane 3: bound to FLASH178C; lane 4: input; 296C, 1
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and 5. (C) The sequence of the last 296 amino acids of Mxc (starting just after the AT-hook) is
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mRNA biosynthesis occurs within the core.
Third, during cycle 14, we observe that the
HLB transitions from a small body lacking
serine 5—phosphorylated RNA Pol Il immedi-
ately after mitosis 13 to a larger body later in
S phase 14 with the core—shell configuration
and high levels of nascent transcripts in the
core. This observation is consistent with ces-
sation of transcription and disassembly of
the HLB at each syncytial mitosis (White
et al., 2007; White et al., 2011; Terzo et al.,
2015; Hur et al., 2020), a general feature of
nuclear bodies (Rai et al., 2018), followed by
reactivation of histone gene transcription
during the subsequent interphase, which
lacks a G1 phase. The small bodies we ob-
served shortly after the completion of mito-
sis 13 are reminiscent of the incomplete
“proto-HLBs” containing small amounts of
Mxc and FLASH that we previously observed
in cycle 10 before histone gene transcription
or when histone transcription is blocked (Sal-
zler et al., 2013; Hur et al., 2020). These ob-
servations are consistent with a “seed and
grow” model of nuclear body assembly
(Dundr, 2011), as also described for the nu-
cleolus in early fly embryos (Falahati et al.,
2016; Falahati and Wieschaus, 2017), with
the histone genes providing the seed for the
HLB (Hur et al., 2020). In addition, a depen-
dency between transcription and HLB as-
sembly has been observed in fish embryos
and is thus evolutionarily conserved (Heyn
etal., 2017, Arias Escayola and Neugebauer,
2018).

We were surprised by our observation
that the essential histone pre-mRNA

shown. The starts (forward arrows) or ends
(reverse arrows) of the Mxc fragments
analyzed for binding FLASH178C are
indicated. Also shown is the position of the
mxcG46 nonsense mutation (Q to stop
codon). This protein supports formation of
HLBs that do not contain FLASH (Terzo et al.,
2015; Tatomer et al., 2016). (D) The indicated
labeled Mxc fragments were analyzed as in
panel B. Input: lanes 1, 4, 7, 10, 13; bound to
GST: lanes 2, 5, 8, 11, 14; bound to
FLASH178C: lanes 3, 6, 9, 12, 15. Below is
shown the stained gel of the binding assay.
The input was 20% of the amount used for
binding. (E) Schematic of the region of Mxc
required for binding the C-terminus of
FLASH. We mapped the greatest affinity
FLASH binding domain to between amino
acids 1542 and 1745 of Mxc. Below the top
schematic is a diagrammatic list of the
subfragments of the Mxc296C protein that
were tested for binding to FLASH178C. To
the right of this list is a summary of the
relative binding of these fragments to
FLASH178C with +++>+>+->-.
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Histone mRNA and active Pol Il are enriched in the Drosophila HLB core. (A) Histone H3 RNA FISH (left,
yellow) and FLASH-N staining (middle, magenta) from a representative HLB of a cycle 14 embryo. The majority of the
H3 nascent transcripts are in the center of the HLB. Scale bar 1 um. (B) Line-scan graph of the fluorescent intensity of H3
RNA (yellow) and FLASH-N (magenta) across the red dotted line in the merged image in panel A. (C) Maximum-intensity
projection of a cycle 14 GFP-MXC embryo (cyan) stained for P-Ser5-Pol Il (P-Pol II, yellow) and FLASH-N (magenta).
Note the large P-Pol Il foci colocalizing with GFP-MXC and FLASH-N in nuclei with the single HLB in each cell because
the homologous chromosomes are paired. Scale bars are 5 pm. (D) The middle Z plane of staining of a representative
HLB, highlighted with a box in C. Scale bar 1 pm. (E) Line scan of the fluorescent intensity of P-Pol Il (yellow), GFP-MXC
(cyan), and FLASH-N (magenta) across the line drawn in the merged image in panel D.

processing factor FLASH is primarily localized to the HLB shell do-
main, unlike the nascent transcripts, which are enriched in the core
domain. RD histone genes are small (less than 500 nts long), with the
polymerase pausing after transcription of the 3’ processing signals
(Adamson and Price, 2003) and transcription terminating close to
the processing site (Tatomer et al., 2016), resulting in tight coupling
of transcription, pre-mRNA processing, and transcription termina-
tion, placing these activities in close physical proximity. Perhaps RD
histone pre-mRNA processing occurs at the interface of the core
and shell within the Drosophila HLB, analogous to the transcription
and initial processing of rRNAs at the border between the FC core
and the DFC shell domains of the nucleolus (Yao et al., 2019;
Lafontaine et al., 2021). It is also possible that when RD histone
mRNA is being synthesized during the S phase, only a small amount
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of U7 snRNP bound to FLASH is actively translocated from the shell
to the core to bind and process the nascent pre-mRNA. The active
U7 snRNP containing RD histone cleavage complex may be present
in the HLB only during the S phase (Tatomer et al., 2014). The bulk
of FLASH located in the shell may play an important structural role
in the HLB, as depletion of FLASH can attenuate HLB assembly
(White et al., 2011; Tatomer et al., 2016). We note that a core—shell
arrangement can arise independent of active gene transcription, as
PML bodies have a well-developed core-shell organization but do
not contain RNA in the core domain (Boisvert et al., 2000; Hands
etal., 2014).

Our study of the HLB focused only on the situation where histone
genes are constitutively active in the S phase, and before the intro-
duction of gap phases to the cell cycle. In subsequent cell cycles,
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The Drosophila HLB core shell structure is dynamic and forms coincident with RD histone gene transcription.
(A) Maximum-intensity projections of P-Pol Il (yellow) and FLASH-N (magenta) staining of syncytial embryos from nuclear
cycles 10-13. Scale bars 5 pm. (B) Higher-magnification images of the middle Z-plane from the foci highlighted with
boxes in panel A. RNA Pol-2 is associated with the FLASH-N foci starting in cycle 11. Scale bars are 1 pm. (C) Maximum-
intensity projections of P-Pol Il and FLASH-N staining in embryos as they progress into nuclear cycle 14. Scale bars are
5 pm. (D) High-magnification images of the middle Z-plane from the HLBs highlighted with boxes in the merged image

of panel C. Scale bars are 1 pm.

HLBs are present during the G1 phase, but there is no histone
mRNA expression (Liu et al., 2006; White et al., 2007). Histone gene
expression is activated as cells enter the S phase, and a critical step
is the phosphorylation of Mxc by Cyclin E/Cdk2 (Lanzotti et al.,
2004; White et al., 2007, 2011). Phosphorylation of Mxc by Cyclin E/
Cdk2 may result in alteration of the structure of the HLB as part of
the activation of histone gene expression, which likely involves both
activation of transcription and activation of histone pre-mRNA pro-
cessing by recruitment of the pre-mRNA cleavage module to U7
snRNP. Thus, we anticipate that the approaches described here will
allow us to correlate changes in HLB structure during the cell cycle
with histone gene expression.

952 | J.P.KempJr etal.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Antibodies
The primary antibodies are as follows:

Secondary antibodies used were Goat anti-Rabbit CF405M (Bio-
tium), Goat anti-Rabbit Alexa 405 Plus, Goat anti-Guinea Pig Alexa
Fluor 647, Goat anti-Rabbit Alexa Fluor 488, Goat anti-Guinea Pig
Alex Fluor 555, Goat anti-Rat Alexa Fluor 488 (Invitrogen), Goat anti-
Rat Cy3, Goat anti-Mouse Cy3, and Goat anti-Rabbit Cy5. Samples
were mounted in Vectashield (Vector Labs) and sealed with Cover-
Grip (Biotium).
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https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-10-0645

Primary Antibody

Concentration Reference/Manufacturer

Rabbit anti-MXC: C-terminal

Guinea pig anti-MXC: C-terminal

Guinea pig anti-Drosophila FLASH: N-terminal
Rabbit anti-Drosophila FLASH: C-terminal

Rat anti-phospho-serine5 Polll

Rabbit anti-GFP

Rabbit anti-RFP

Rabbit anti-APX2

1:2000 (White et al., 2011)
1:8000 (White et al., 2011)
1:10000 (White et al., 2011)
1:5000 This Manuscript
1:200 Sigma-Aldrich Cat# MABE?54
1:1000 Abcam Cat# ab6556
1:500 Rockland Cat # 600-401-379
1:1000 Thermo Fisher Cat# PA5-98320

Buffer compositions
Embryo wash buffer: 120 mM NaCl, 0.07% TX-100.
Phosphate-buffered saline (PBS): 140 mM NaCl, 2.7 mM KClI, 10
mM NayHPOy, 1.8 mM KH,POy, pH 7.4
(PBST): 140 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy4, 1.8 mM
KH,POy, pH 7.4, 0.1% Triton X-100.

Other reagents

Embryos were fixed in 4% formaldehyde in PBST that was diluted
from a 16% stock (Polysciences Cat#18184). RNA FISH probes were
designed against the H3 coding sequence as described previously
(Hur et al., 2020). Rabbits were immunized with a GST fusion protein
containing the last 178 amino acids of Drosophila FLASH (Pocono
Farms), and positive serum was confirmed by staining of embryonic
HLBs that were identified using a CRISPR engineered allele of the
mxc locus expressing GFP-Mxc (Hur et al., 2020).

Drosophila strains

Endogenously tagged MXC-mScarlet, and MXC-Apex2 strains were
CRISPR engineered in a yw background as described previously for
GFP-MXC (Hur et al., 2020). Briefly, yw; nos:cas9/CyQO flies were
coinjected with a plasmid, pCFD3, encoding a gRNA that recog-
nizes the 3’ prime end of the mxc gene near the stop codon and a
repair template in pUC19 that includes the protein tag plus a linker
sequence and a mutated PAM site. Both Apex2 and mScarlet were
placed after the last mxc codon with a linker between the end of the
mxc ORF and the inserted protein tag. The target sequence for the
gRNA was GTAAACGATAACAACTTCAA-TGG and in the repair
template the PAM site was mutated to TAA. The linker sequence
used was CACCGGTATACCAGCTTGTACAAAAAGGCGGGAAGC-
GCAGCGGCCCCATTTACT. Sequences for the repair templates can
be found in Supplemental Figure 3.

Embryo collections, fixation, and staining

Embryos 1-4 h old were collected on apple juice agar plates at
25°C. The embryos were placed in 1.5-ml tubes, dechorionated in
1.0 ml 50% bleach, washed in 1.0 ml embryo wash buffer, and then
fixed in 1.0 ml 4% formaldehyde in PBS with 50% heptane for 20 min
at room temperature on a nutator. The aqueous phase was removed
and replaced with 0.5 ml of MeOH. The tubes were vigorously
shaken for 30 s to remove the vitellin membranes from the embryos.
The MeOH and heptane were removed, fresh 0.5 ml MeOH was
added, and the tube was gently inverted three times. Then 0.5 ml
PBST was added and embryos were nutated for 10 min at RT. PBST
(0.5 ml) was added again to the embryos (total 1.5 ml) and nutated
for 10 min at RT. After the embryos settled, the buffer was removed
and 1.0 ml PBST was then added and nutated for 10 min. The PBST
was removed and replaced with primary antibodies diluted into
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PBST and nutated overnight at 4°C. The embryos were then washed
in PBST three times for 10 min at RT before addition of 1.0 ml sec-
ondary solution in PBST and nutation for 45 min at room tempera-
ture. Embryos were then washed three times in PBST, mounted in
Vectashield, and sealed with CoverGrip.

Imaging and image analysis

For Figure 1, standard confocal and Airyscan images were acquired
on a Zeiss 880. SIM images were acquired on a Nikon NSIM
equipped with an Andor iXon 897 camera. Live imaging of MXC-
mScarlet embryos was performed on a Leica SP8 LIGHTNING sys-
tem where the pinhole was set to 0.9 Airy units in order to increase
the resolution, yet not increase collection times to the point of
severe bleaching or risk large movements of the HLBs during collec-
tion. This allowed a complete Z-stack of HLBs in the field of view in
less than 30 s. Then another time point was taken 30 s after the start
of the previous. The zoom was also increased to 10x in order to
decrease collection time. In all cases, both fixed and live, embryos
were only imaged on the side closest to the coverslip and the nu-
clear cycle stage was determined by nuclear density. All stainings
were repeated from at least three different embryo collections from
the same genotype flies. For the P-Polll and RNA FISH staining, only
embryos where we could visually see puncta in wide field were used
for SIM imaging. FIJI was used to draw line scans across HLBs and
measure the intensity of the respective fluorophore across the mid-
dle z section. Using FIJI, each channel was then overlaid onto a sin-
gle graph and pseudocolored to match the image it was taken from.
The thresholding for all images was adjusted in FIJI to the back-
ground fluorescence. A comparison of an image without the thresh-
old to its counterpart with the threshold is included in Supplemental
Figure 1. To quantify maximum-intensity spots within a surface in
Imaris, the HLB signal from one channel was segmented as an en-
closed surface while the other channels were all segmented as
spots. The distances from the spot center to the nearest location on
the rendered surface was measured. A negative measurement indi-
cated that the spot was inside the segmented surface volume, and
a positive measurement indicated that the spot was outside the sur-
face volume. This process was repeated for each spot in each chan-
nel, including spots calculated from the channel used to render
the surface volume. These measurements were imported into
GraphPad and bar graphs showing individual data points were
made with the mean highlighted using a red line.

Protein binding assays

Preparation of nuclear extracts from Drosophila culture cells and im-
munoprecipitation protocols have been described (Sabath et al.,
2013). Binding assays were performed by labeling the desired frag-
ment of Mxc protein by in vitro translation in rabbit reticulocyte
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lysates, followed by addition of a GST-fusion protein, GST-
FLASH178C, containing the C-terminal end of FLASH (Yang et al.,
2014). The bound proteins were recovered by binding to glutathi-
one beads, analyzed by SDS-gel electrophoresis, and detected by
autoradiography as previously described (Burch et al., 2011).
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