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The Cajal body (CB) is an evolutionarily conserved nuclear subcompartment, enriched in components of the RNA pro-
cessing machinery. The composition and dynamics of CBs in cells of living organisms is not well understood. Here we
establish the zebrafish embryo as a model system to investigate the properties of CBs during rapid growth and cell divi-
sion, taking advantage of the ease of live-cell imaging. We show that zebrafish embryo CBs contain coilin and multiple
components of the pre-mRNA splicing machinery. Histone mRNA 3' end processing factors, present in CBs in some
systems, were instead concentrated in a distinct nuclear body. CBs were present in embryos before and after activation
of zygotic gene expression, indicating a maternal contribution of CB components. During the first 24 hours of develop-
ment, embryonic cells displayed up to 30 CBs per nucleus; these dispersed prior to mitosis and reassembled within min-
utes upon daughter cell nucleus formation. Following zygotic genome activation, snRNP biogenesis was required for CB
assembly and maintenance, suggesting a self-assembly process that determines CB numbers in embryos. Differentiation
into muscle, neurons and epidermis was associated with the achievement of a steady state number of 2 CBs per nucleus.
We propose that CB number is regulated during development to respond to the demands of gene expression in a rapidly

growing embryo.

Introduction

The Cajal body (CB) is a nuclear compartment initially described
by Ramon y Cajal in silver-stained sections of vertebrate cerebral
cortex." Like other cellular inclusions, e.g., nucleoli, polar gran-
ules, stress granules and PML bodies, the CB is a discrete body
that is not enclosed by a lipid bilayer. Because the CB is uniquely
marked by the protein coilin,*” it has been possible to character-
ize the components of CBs in multiple species at the molecular
level. Numerous factors essential for pre-mRNA splicing, histone
mRNA 3"-end processing, telomere maintenance and rRNA
processing are concentrated in CBs, suggesting a role for CBs
in RNP-dependent processes.*!® Because both the coilin protein
and the CB as a morphological entity are well conserved in evo-
lution, CBs have served as a general model for the study of the
assembly and function of subnuclear compartments. Two basic
questions about CBs warrant further investigation. First, are CBs
universal nuclear compartments with a defined composition?'!
Second, how is CB number regulated in the somatic cells of liv-
ing organisms?

Much of what is known about the molecular composition of
CBs comes from immortalized, often aneuploid tissue culture
cells, on the one hand, and from the CB-like “spheres” of amphib-
ian germinal vesicles (GVs), on the other. It is clear that neither
system provides an accurate or general view of CBs in diploid
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somatic nuclei. For example, the Xenopus GV contains up to 100
CBs ranging in diameter from 1-10 wm, whereas nuclei of mam-
malian, plant and Drosophila cells contain on average 1-2 CBs
that range in diameter from 0.5-1 um.»'*" While CBs in all of
these organisms contain components of the pre-mRNA splicing
machinery, other machineries vary in CB localization. For exam-
ple, CBs in the GV are present at histone loci and contain massive
amounts of the U7 snRNP, a factor required for histone mRNA
3' end formation.""'* CBs in mammalian tissue culture cells also
contain the U7 snRNP and partially colocalize with histone
gene loci.””” Both observations suggest that CBs may deliver vital
RNA processing machinery to the sites of histone mRNA syn-
thesis. However, recent studies in Drosophila showed that the U7
snRNP is not concentrated in CBs but rather in a distinct nuclear
body named the Histone Locus Body (HLB), due to its precise
colocalization with the histone gene locus."” Similar observations
in human ES cells suggests that the presence of this particular
machinery in the CBs of transformed human cells may reflect
the cancerous state.'”'®" These disparate observations raise the
question of whether the RNA processing machineries previously
assigned to CBs in selected systems are generally present in all
cells and organisms.

CB components exchange rapidly with nucleoplasm, where
20,21 CBS in
most somatic cells can move, split and arise de novo within

they engage in numerous molecular processes.
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nucleoplasm.'>?? Their size and number vary throughout the
cell cycle and can be influenced by post-translational modifica-
tions of the coilin protein.?**” This dynamic behavior suggests
that CBs respond to the physiological requirements of living
cells; the system that provides such a variety of changing cellular
environments is a developing multicellular organism. Differences
in CB numbers between various cell types in the context of an
organism have been reported for Arabidopsis and Drosophila.
In Arabidopsis, the number of CBs per nucleus was shown to
depend on cell type and developmental stage, similar to nurse
cells in Drosophila; however, somatic cells in Drosophila appear
to have a constant number of 1 CB per nucleus.'*" It is still an
open question whether this is the case for all animal systems or
if, alternatively, CB numbers vary during embryogenesis and/or
cellular differentiation.

Here, we take advantage of the rapid, external development of
the zebrafish embryo to investigate the CB. Because the embryo
is amenable to imaging from fertilization onwards, this model
system permits a dynamic description and detailed analysis of
CBs in a living vertebrate system. In all species examined to date,
the spliccosomal snRNDPs—essential components of the pre-
mRNA splicing machinery—are concentrated in CBs.' Indeed,
prior to the identification of coilin in some species, snRNPs were
considered bona fide markers of CBs.!>!* Therefore, we focus on
zebrafish coilin, the spliceosomal snRNPs and the U7 snRNP.
Our study reveals the molecular composition and dynamic char-
acteristics of CBs during vertebrate embryogenesis and establishes
the zebrafish system for future exploration of the role of nuclear
architecture in a living animal.

Results

Zebrafish coilin is 34% identical to the human protein
(Fig. 1A), with conserved N- and C-termini that have been
shown to mediate coilin-coilin self-association and Sm-protein
binding, respectively.>?*? In vivo imaging performed after injec-
tion of mRNA encoding YFP-tagged zebrafish coilin revealed
YFP-positive nuclear foci in the early zebrafish embryo (Fig. 1B).
We also raised an antibody reactive with zebrafish coilin (Fig.
S1). Whole-mount immunohistochemistry revealed nuclear foci
similar in size, number and distribution to those observed in vivo
(Figs. 1C and S2). When combined, the two methods detected
the same coilin-positive nuclear compartment (Fig. 1D). This
indicates that zebrafish coilin is concentrated in nuclear foci in
the embryo, and that our anti-serum recognizes coilin in situ.

In human tissue culture cells and the GVs of Xenopus lae-
vis, coilin-positive CBs are enriched in components of the his-
tone mRNA 3' end processing machinery, particularly the U7
snRNP.'®173° However, in Drosophila melanogaster embryos, this
machinery is instead concentrated in a separate compartment
termed the Histone Locus Body (HLB), which is coincident with
the histone gene cluster.”” To determine whether coilin-positive
nuclear bodies in zebrafish embryos contain the U7 snRNP, in
vitro transcribed Alexa488-U7 snRNA and mRNA encoding
mRFP-Lsm11 (a U7 snRNP-specific protein) were injected into
1-cell embryos and imaged at 3 hours post-fertilization (hpf).
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U7 snRNA was detected in nuclear bodies distinct from those
marked by mRFP-coilin (Fig. 2A). In some cases, low levels of
mRFP-coilin were detected in U7-positive bodies, which were
sometimes adjacent to major sites of coilin concentration. In con-
trast, U7 snRNA always colocalized strongly with mRFP-Lsm11
protein (Fig. 2B), indicating that U7 snRNP is concentrated
in nuclear bodies distinct from the most intense coilin-positive
nuclear bodies. We conclude that, as in Drosophila, zebrafish
nuclei contain distinct nuclear compartments enriched in the
histone mRNA 3' end processing machinery.

To deduce whether coilin-positive nuclear bodies in zebrafish
embryos represent bona fide CBs, the presence of components
of the pre-mRNA splicing machinery was tested. First, double
immunostaining revealed that shared epitopes on spliceosomal
snRNPs (namely, Sm proteins and the tri-methylguanosine or
TMG cap) are concentrated in coilin-positive nuclear bodies
(Fig. 3A). Second, additional representative factors—the U4
snRNA, U85 scaRNA and SMN protein—were visualized fol-
lowing RNA injection in living zebrafish embryos together with
mRNA encoding mRFP-coilin. Figure 3B shows that all three
components, characteristic of CBs in all systems studied,"*"%
were highly concentrated in coilin-positive nuclear bodies in the
zebrafish embryo. Consistent colocalization was observed at all
stages of development and embryonic regions examined. Taken
together, the colocalization of coilin with endogenous snRNTP
proteins and TMG caps, SMN, U4 snRNA and U85 scaRNA
confirms the identity of the coilin-positive nuclear bodies as the
zebrafish counterparts of CBs described in other organisms.

How early in embryogenesis are CBs detectable? Are CBs
maternally provided and maintained in embryonic cells before
the onset of zygotic gene transcription? Zygotic transcription
starts at the 512-cell stage at ~2.75 hours post-fertilization (hpf),*
and numerous coilin-positive nuclear foci could be observed by
immunostaining from the 8-cell (-1.25 hpf) to 512-cell stage,
indicating that zygotic gene transcription is not necessary for
the assembly or maintenance of CBs (Fig. S2). The difficulty of
immunostaining in early embryos prevented unequivocal identi-
fication of nuclear substructures before the 8-cell stage. However,
the clear presence of coilin immunostaining even at the 2-cell
stage (Fig. S2) suggests a maternal contribution of coilin protein
and perhaps CBs. Therefore, we turned to in vivo imaging of
early embryos, taking advantage of injected, fluorescently labeled
U4 snRNA as a marker of CBs. It was previously shown in tissue
culture cells and amphibian GVs that fluorescently labeled U4
snRNA rapidly assembles with Sm proteins, leading to nuclear
import and CB localization within 30 minutes.”** Remarkably,
Alexa-488 U4 snRNA was detectable in discrete foci in 4-cell
embryonic nuclei (-1 hpf), even though endogenous snRNAs
are not yet being transcribed (Fig. 4). U4 snRNA is likely able
to assemble with maternally contributed Sm proteins.”> We con-
clude that CBs containing coilin and capable of concentrating U4
snRNPs are present at least from the 4-cell stage onward, indicat-
ing that CB components are maternally deposited and that newly
assembled zygotic components are able to integrate into CBs.

The cells of the early zebrafish embryo divide synchronously
every 15 minutes. Studies in tissue culture cells indicate that
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Figure I. Detection of zebrafish coilin in nuclear bodies. (A) Schematic representation of zebrafish coilin indicating the percentage identity to human
coilin, the position of the nuclear localization signal (NLS) and the arginine-glycine-rich (RG) box. Coilin self-association occurs via the N-terminal
conserved domain (blue), whereas binding of Sm proteins has been mapped to the C-terminal domain (purple). (B) Expression of YFP-tagged zebrafish
coilin following injection of MRNA into |-cell embryos assayed by live-cell confocal imaging at early gastrula stage (5.5 hpf, hours post fertilization),
single confocal section in YFP channel and corresponding DIC images. (C) Labeling of fixed late blastula stage embryos (4.5 hpf) with anti-zebrafish coi-
lin (Ab 9EA2, Fig. S1), DNA counterstained with Hoechst. (D) Colocalization of endogenous coilin with YFP-tagged zebrafish coilin expressed from in
vitro transcribed and injected mRNA is shown by immunostaining of fixed embryos at early gastrula stage (5.5 hpf). Single confocal sections are shown,
and arrowheads indicate nuclei magnified in the insets (two-fold magnification in C and D). Scale bars: 10 um. Additional grayscale insets in (B—D) show
embryonic stage at the time of imaging, and the approximate imaged areas (arrows). Scale bars: 250 um.

CBs disperse at mitosis and reform after cell division, taking
~20 minutes for reassembly.?® If these reassembly kinetics were
similar in zebrafish embryos, it seems unlikely that CBs would
be observed at all. To determine whether CBs of the zebrafish

embryo disperse at mitosis, time-lapse microscopy was performed
on embryos injected with Alexa488-labeled U4 snRNA to mark
CBs and DIC imaging to detect the assembly and function of
the mitotic spindle. Figure 5 shows still images from a movie
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U7 snRNA-positive foci. Scale bars: 10 um.

Figure 2. Zebrafish nuclear bodies enriched in U7 snRNP are deficient in coilin. Embryos were injected with mRNAs encoding either mRFP-coilin (A)
or mRFP-LSmI1 (B) and fluorescently labeled U7 snRNA (A and B). Representative confocal sections taken at the blastula stage are shown. Insets show
two-fold magnifications of the nuclei (A) or three-fold magnifications of the foci (B) marked by arrowheads. Arrows point to the adjacent coilin- and

(Suppl. material), focusing on a daughter cell at the 32-cell stage
shortly after cytokinesis; the nucleus has not yet completely
reformed, and U4 snRNA is distributed evenly throughout the
mass of chromatin. After -3 minutes, U4 snRNA is visible at
higher concentrations in larger round bodies, consistent with
CBs. These CBs move extensively throughout the interphase
nucleus, becoming progressively more prominent. Toward the
end of interphase, CBs disappear and the U4 signal disperses
throughout the nucleoplasm before mitosis. This analysis shows
that zebrafish embryonic CBs are highly dynamic, disassemble at
mitosis, and reform within minutes thereafter. Thus, the times-
cale for CB assembly is not fixed at ~20 min, but may be subject
to regulation in systems with differing temporal requirements.
We sought to validate and quantify CB dynamics detected
before and after mitosis. To this end, we used 3D rendering of
imaged nuclei labeled with YFP-coilin, followed by automatic
detection and counting in order to determine the numbers of
CBs in embryonic zebrafish nuclei (Fig. 6A). CBs were defined
by a size threshold of 0.5 wm and an intensity threshold of three-
fold above the average nucleoplasmic intensity (see Materials
and Methods for details). Live imaging of individual cells divid-
ing every ~-30 minutes confirmed the rapid dispersal of CBs
at mitosis and reformation of up to 5 CBs within ~10 minutes
(Fig. 6B and C). Interestingly, mother and daughter cells had
similar numbers of CBs. A two-tailed Student’s t-test revealed
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that differences in the peak average number of CBs per nucleus
measured at different time points were not significant (p = 0.22
and p = 0.47 for maximal CB numbers per cell in the first peak
versus the second peak and the second peak versus the third peak,
respectively). This indicates a remarkable control of CB number
before and after cell division.

To further explore the regulation of CB number throughout
zebrafish embryogenesis, we applied the same imaging and count-
ing approach to different developmental stages and tissues from
0-48 hpf. At cleavage and blastula stages—Dbefore YFP-coilin (-3
hpf) was expressed—anti-coilin immunostaining was used to
detect and count CBs. Following translation and maturation of
injected YFP-coilin mRNA (after ~3.5 hpf), both methods were
used. The average number of CBs per nucleus in early blastula
stages was strikingly high (19 £ 13 per nucleus); we assume that
variation in these values is due to the short cell cycle times and
is likely skewed to smaller numbers by the analysis of datasets
in which cells are approaching or have just finished mitosis. CB
number gradually decreased as development progressed (Fig. 7A),
such that nuclei of muscle and neuronal cells in embryos at 30
hpf contain on average 2 CBs (Fig. 7B and C). Interestingly,
CBs were maintained at 2 per nucleus from early somitogenesis
until 48 hours (when the experiment was terminated), suggest-
ing CB number reaches a steady state. Thus, although daughter
cells tended to have a similar number of CBs to the mother cell,

Nucleus 99



Hoechst

4

Figure 3. Spliceosomal snRNPs and scaRNAs are CB components in zebrafish embryos. (A) Embryos were fixed at the onset of segmentation

(~10 hpf) and double-stained with antibodies specific for coilin (red) and either tri-methylguanosine cap (TMG) or Sm proteins (green) present on
spliceosomal snRNPs. Insets show two-fold magnification of the nucleus indicated with arrowheads. (B) Embryos were injected with either mMRNAs
encoding mRFP-coilin (red) and SMN-CFP (green) or mRFP-coilin (red) and Alexa488-labeled U85 scaRNA or U4 snRNA, as indicated in the green
channel. Representative confocal sections for various stages of development are shown: blastula (upper), segmentation (middle), gastrulation (bottom).
Insets show three-fold magnification of the CBs marked by arrowheads. Scale bars: 10 um.

an overall decrease in CB number is observed during the first 10
hours of development, in which thousands of cells are produced
and the zygotic genome is activated.

The dramatic decrease in the number of CBs per nucleus dur-
ing embryogenesis might reflect a dilution of maternal stores.
Yet, the observation of CB disassembly and reassembly at mito-
sis indicates the involvement of an active process. To address
the possibility that ongoing snRNP biogenesis contributes to
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CB number in the embryo, we sought to disrupt snRNP bio-
genesis. SMN protein is required for the assembly of Sm rings
on spliceosomal snRNAs; subsequently 2,2-methylation of the
7-methylguanosine cap generates tri-methylguanosine (TMG) at
the 5' end of snRNAs, and nuclear import occurs.”’?’ In mam-
malian tissue culture cells, SMN knockdown reduces levels of
Sm ring assembly and leads to coilin protein dispersal.®*4" SMN
depletion with translation-blocking morpholinos (SmnMO) has
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Figure 4. U4 snRNA positive CBs are present in the nuclei of 4-cell embryos. Embryos were injected at the |-cell stage with 2.5 femtomole of
Alexa-488-labeled, in vitro synthesized U4 snRNA. This embryo was allowed to develop for | hour at 28°C and mounted for in vivo imaging in 2%
methylcellulose. A single confocal section is shown. Arrowheads indicate regions magnified three-fold in the insets. Scale bar: 10 um.

been previously accomplished in zebrafish, establishing an ani-
mal model for spinal muscular atrophy;*# however, these previ-
ous studies in zebrafish did not examine nuclear morphology. To
determine whether SMN depletion in embryos affected CB num-
ber, SmnMO or CtrIMO was injected into 1-cell embryos, which
were left to develop for 10 hours at 28°C. Immunostaining and
immunoblotting verified the loss of SMN protein in SmnMO
but not CtrlMO injected embryos (Fig. S3). The resulting loss
of anti-TMG immunoreactivity in cells of the embryos injected
with SmnMO indicates a robust defect in Sm ring formation on
snRNAs and confirms the expected effect on snRNP biogenesis
(Fig. 8A). Strikingly, SmnMO injection nearly abolished TMG-
and coilin-positive nuclear foci (Fig. 8A and B): quantifying
CB numbers in single confocal sections, 50% +/- 11% of nuclei
had CBs in CtrlMO-injected embryos, whereas only 9% +/- 2%
of nuclei had CBs following SMN depletion. We conclude that
SMN protein and active snRNP biogenesis is required for CB
integrity in zebrafish embryos.

Discussion

The present study establishes the zebrafish, Danio rerio, as a
powerful model system for the field of nuclear architecture. The
embryo’s accessibility to imaging and morpholino knockdown of
key proteins provides opportunities for analysis of nuclear orga-
nization before and after activation of the zygotic genome. Here
we show that the nuclei of the zebrafish embryo contain numer-
ous Cajal bodies (CBs) of the expected composition, which
display rapid assembly and disassembly dynamics at mitosis as
well as specific changes in number according to developmental
stage. The application of additional tools, such as injection of
fluorescently labeled in vitro transcribed RNAs, and 3D recon-
struction of nuclei facilitated several key findings. First, CBs in
the zebrafish do not contain the histone mRNA 3' end process-
ing machinery, which is instead concentrated in distinct nuclear
bodies. Second, CB number per nucleus is highly variable during
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embryogenesis, asymptotically approaching two per nucleus in
differentiated cells. Third, CBs in zebrafish embryonic cells with
extremely short cell cycle times (15 minutes) are highly dynamic,
dispersing and reassembling at each mitosis. The conservation of
CB numbers before and after cell division suggests that an active
process regulates CB assembly and/or maintenance. We provide
evidence that snRNDP biogenesis is required for CB integrity in
the embryo.

We initially identified the zebrafish CB by immunofluores-
cence with an antiserum specific for zebrafish coilin, as well as
through expression of injected mRNAs encoding fluorescently
tagged versions of zebrafish coilin. These coilin-positive bod-
ies, appropriately sized in the range of 0.5-1 um in diameter,
were shown to contain numerous components of the splicing
machinery, including Sm proteins and the tri-methylguanosine
cap on snRNAs. In addition, fluorescently labeled small RNAs,
namely U4 snRNA and U85 scaRNA, concentrated in the CBs
of living embryonic cells when injected into 1-cell stage embryos.
Finally, the SMN protein, visualized by injection of mRNA
encoding fluorescently-tagged SMN, was also concentrated in
the CBs of embryonic cells. In contrast, components of the U7
snRNP involved in histone mRNA 3' end processing, namely U7
snRNA and the Lsm11 protein, were concentrated in a distinct
nuclear body reminiscent of the Histone Locus Body observed
in Drosophila cells.”® The specific concentration of coilin with
components of the splicing machinery definitively identifies CBs
in zebrafish embryos for the first time.

It is currently thought that CBs play a role in the assembly of
spliceosomal snRNPs. Each snRNP contains a 100-200 nucle-
otide-long snRNA that is extensively modified post-transcription-
ally and assembled with numerous snRNP-specific proteins.”?!
After transcription, the U1, U2, U4 and U5 snRNAs are exported
to the cytoplasm, where a hetero-heptameric ring of Sm pro-
teins is loaded onto each snRNA by the SMN complex and the
5' end is hypermethylated.””* Subsequently, these still immature
snRNPs are re-imported to the nucleus together with SMN. %
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Figure 5. Rapid assembly and disassembly of CBs at mitosis. Embryos injected with Alexa488-labeled U4 snRNA were subjected to live cell imaging
at the 32-cell stage. Still images of a time-lapse movie (see Suppl. Material) show that U4 snRNA concentrates in nuclear bodies in the early blastula
when cell cycles are only ~I5 minutes long. U4-positive nuclear bodies disperse immediately prior to mitosis (after frame: 444 s) and reform in daugh-

ter cells within 3 minutes (frame: 184 s). Scale bar: 5 um.

ScaRNAs, such as U85 studied here, then guide site-specific
modification of the snRNAs in CBs.”*® Importantly, transient
intermediates in final assembly steps involving RNA structural
rearrangements and association of additional snRNP-specific
proteins are concentrated in CBs.' During splicing, snRNDs
are partially disassembled, and the final assembly steps leading
to regeneration of active snRNPs also occur in CBs.?? These

Nucleus

latter steps in snRNP assembly are predicted to occur approxi-
mately 10-fold more quickly in cells that have four CBs/nucle-
us—the average number detected in HeLa cell nuclei—due to
the increased likelihood of collisions between the components.®
Model nuclei with fewer CBs were predicted to support slower
rates of snRNDP assembly, providing a framework for considering
the significance of CB number.
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Figure 6. Regulation of CB number during the cell cycle. (A) Two perspectives of a representative volume-rendered nucleus containing CBs marked
by YFP-coilin for quantitation of CB number. Arrowheads point to region magnified in the inset. Major tick: 5 um. (B) Time series of YFP-coilin
expressing embryo from time-lapse confocal imaging. Embryos expressing YFP-coilin imaged at 28°C from 3.25 to 4.25 hpf, confocal sections 1.5 um
apart collected every 50 seconds. Arrowheads: nuclei in the insets. (C) Plot of CB number per nucleus (mean + SD) from the time-lapse movie shown
in (B), quantified as in (A). Each point represents an average number of CBs in the nuclei (N = 4—10 nuclei) present in the imaged volume for a particu-
lar time point. No CBs were detected in mitosis. Circles mark the time points shown in (B). Note that single confocal sections (B) do not show all the
CBs from each respective nucleus (A). The maximal number of CBs per nucleus in the consecutive interphases is not statistically different (p = 0.22 for
the first two interphases, and p = 0.47 for the second and third interphase). Scale bar: 10 um.

The striking change in the number of CBs per nucleus
observed during the course of development suggests that the
physiological requirement for CBs in embryonic cells varies. In
the early blastula, numerous CBs were observed (~19/cell) despite
extremely short cell cycle times (15 minutes), which require disas-
sembly and reassembly of CBs within minutes. This was surpris-
ing, because pre-mRNA splicing per se is not required until ~4.5
hpf, after the onset of zygotic transcription.”® Indeed, mamma-
lian CBs only appear after zygotic transcription begins, and are
disrupted when transcription is blocked in tissue culture cells.**
However, unassembled snRNP components are abundant in the
oocyte nuclei of insects and amphibians,"® suggesting that CB
components are maternally supplied and that CBs may arise in
the early embryo to support ongoing snRNP biogenesis even in
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the absence of zygotic transcription. Consistent with this, CBs
were present in zebrafish embryonic nuclei at the 4-cell stage
(see Fig. 4), well before the 512-cell stage when zygotic gene acti-
vation occurs. These observations point to species-specific differ-
ences in the assembly of the gene expression machinery.

One possibility is that at least some of the CBs in the devel-
oping embryo are maternally contributed and diluted out over
progressive cell divisions. However, CB integrity in the late gas-
trula was dependent on SMN and ongoing snRNP biogenesis,
because depletion of the SMN protein, required for assembly of
the Sm ring on snRNAs;, led to coilin dispersal. This is consistent
with prior observations in tissue culture cells.”**' In the embryo,
this observation demonstrates that, although maternally con-
tributed CBs and/or CB components may persist in the blastula
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A Number of CBs at different stages of embryonic development

Cleavage — Blastula Gastrulation Somitogenesis Pharyngula Period
0-5.25 hpf 5.25-10.33 hpf 10.33-24 hpf 24-48 hpf
Epidermis 3.3=1.1 Epidermis 1.8+1.0
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mesenchyme Muscles
Somites 3.0£1.9 Neurons 2.0+1.1
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Figure 7. Regulation of CB number during development and differentiation. (A) Number of CBs per nucleus at different stages of embryonic devel-
opment, mean * SD (N = 3-9 independent experiments). (B and C) Single confocal sections of striated muscle and motor neurons in live zebrafish
embryos at 30 hpf injected with YFP-coilin mMRNA (B) or fixed and labeled with an antibody against zebrafish coilin (9EA2; red) and neurolin (zn-8;
green) a cell surface molecule on secondary motor neurons (C); Hoechst counterstained nuclei are shown in blue. Arrowheads in (B) point to the
nuclei magnified in the insets. Magnification is three-fold in (B) and seven-fold in (C). Arrows in the insets point to selected CBs. Scale bars: 10 um in

(B) and 20 um in (C).

and early gastrula, they do not account for the CBs present at
later stages, after transcription of the zygotic genome is activated.
Prior studies indicate that coilin is required for CB assembly and
maintenance,””*® yet even though coilin is still present in the
SMN morphants, it is not sufficient for CB assembly. Instead,
SMN and snRNP biogenesis in the embryo clearly contributes to
CB morphology, likely by providing multivalent binding partners
for the coilin protein that can lead to a network of low affinity
interactions necessary for CB formation.”*®? It is therefore likely
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that the profile of CB number in the first 48 hours of zebrafish
development represents assembly from a combination of mater-
nal stores and newly synthesized CB components.

A correlation between cell metabolic activity and CB number
has been suggested.””** High metabolic activity can be associ-
ated with either accelerated cell division or cell growth, which
may not be strictly linked. In zebrafish embryos, the cells with
the highest CB numbers have the shortest cell cycles. Because
cells become smaller during early cell divisions in the embryo,? it
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Figure 8. Depletion of SMN leads to dispersal of embryonic CBs. Zebrafish embryos were injected with control morpholino (CtrIMO) or morpholi-
no targeting the 5'-UTR of Smn mRNA (SmnMO) and fixed at the onset of segmentation (~10 hpf). Reduction in snRNA trimethylation is evident from
the overall loss of signal in samples immunostained with anti-TMG (A). Loss of snRNP-containing CBs is also shown by immunostaining with anti-TMG
(A) as well as anti-coilin (B). Single confocal sections are shown, and arrowheads indicate nuclei magnified three-fold in the insets. Scale bars: 10 um.

follows that CB number correlates directly with the cell size. This
is in agreement with an interesting study reporting that neuronal
cell size correlates with CB number.®® However, neurons are post-
mitotic and may attain a homeostatic state, relating metabolism
to CB number. In contrast, the cells of the eatly zebrafish embryo
divide rapidly; CBs disassemble at mitosis and reform quickly in
the nuclei of daughter cells, and the number of CBs generated
in consecutive generations is statistically identical to the number
of CBs present in the mother cells (see Fig. 6). Prior studies link
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dispersal of CBs at mitosis with coilin hyper-phosphorylation,
and phosphorylation of residues at the coilin C-terminus can
control CB number.?»#"¢! Interestingly, we observed a doublet of
coilin in zebrafish embryos, with the upper—presumably hyper-
phosphorylated band—Dbeing most abundant (Fig. S1); the prev-
alence of this high molecular weight form of coilin in embryos
is consistent with the high frequency of cell divisions.” The
maintenance of a constant number of CBs per nucleus after cell
division might suggest a correspondence between DNA content
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and CB number. However, given that the numbers of CBs do
not generally correlate with cell ploidy and that SMN morphants
lack CBs altogether, it seems that DNA content is not the only
determinant of CB number.®

As cell division cycles proceed and the zygotic genome is
activated, the average CB number decreases, asymptotically
approaching two per nucleus upon cellular differentiation. Similar
to the zebrafish, differentiated cells in developing Arabidopsis,
Drosophila and human fetal tissues also tend to have one to two
CBs per nucleus,'>'*? suggesting that this is the optimal num-
ber of CBs for differentiated cells. We speculate that CB num-
ber may reflect general transcription and splicing levels at these
later stages. Based on the modeling results correlating the rate of
spliceosomal snRNT assembly with CB number (see above), it
follows that two CBs per nucleus must be sufficient to carry out
vital functions in post-mitotic cells that have reached a steady
state in overall gene expression. We propose that active snRNP
biogenesis, which likely reflects overall gene expression levels,
defines a given cell’s facility for CB self-assembly. As embryonic
cells grow and divide, the production of new coilin and snRNT
molecules—initially due to translation of maternal mRNAs and
eventually due to zygotic transcription and translation—leads to
homeostasis in CB assembly and maintenance, in which two CBs
per nucleus are produced in differentiated cells of the organism.

Materials and Methods

Fish maintenance and cell culture. Zebrafish AB strain adults
and embryos were maintained and harvested as previously
described.® Embryos were grown at ~28°C, and staged in hours
post fertilization.** When necessary (e.g., western blot), both cho-
rion and yolk were removed as previously described.** PAC2 cells
(gift from Nicholas S. Foulkes, MPI for Developmental Biology,
Tuebingen) were grown in L15 culture medium (Gibco), supple-
mented with 15% fetal calf serum, 100 U/ml Penicillin, 100 ug/
ml Streptomycin (Gibco) at 28°C, and atmospheric CO,.

Cloning and vectors. To generate zebrafish cDNA, total
RNA was isolated from 48 hpf embryos using TRIzol®
Reagent (Invitrogen) and treated with DNA-free kit (Ambion).
Oligo-dT18 primer and SuperScript III Reverse Transcriptase
(Invitrogen) were used to generate cDNA. Fluorescent protein tags
were constructed in pCS2* vectors (Dave Turner, Ralph Rupp,
Jackie Lee, University of Michigan, MI, USA; unpublished).
pCS2*N-mRFP was made by inserting mRFP (AF506027) from
DsRed-C3 (Clontech), into pCS2*. Likewise, pCS2*N-YFP
and pCS2*CFPC were made by inserting eYFP from pEYFPCl
(Clontech) and eCFP from pECFP-N1 (Clontech), respectively,
into pCS2*. The zebrafish coilin orthologue (BC045858) was
cloned as a N-terminally tagged fusion in pCS2*N-YFP and
pCS2*N-mRFP. The zebrafish SMN orthologue (NM_131191)
was cloned as a C-terminally tagged fusion into pCS2*CFP-
C. LSm11 (ENSG00000022555) was cloned as a N-terminally
tagged fusion into pCS2*N-mRFP. Human U85 scaRNA plas-
mid was a gift of Arnold M. Kiss. Human U4 snRNA cloned into
pSP65 and zebrafish U4 snRNA cloned into a TOPO vector were
kind gifts of Albrecht Bindereif.**¢
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In vitro transcription. In vitro transcription was carried out
with mMESSAGE mMACHINE®SP6 Kit (Ambion) for mRNA
synthesis, and MEGAshortscript™ T7 Kit for snRNA synthesis
(Ambion). Run-off transcription of snRNAs and scaRNA and
incorporation of Alexa488-UTP was carried out as previously
described.*

For in vitro synthesis of mouse U7 snRNA, an antisense U7
oligo: AGG GGT TTT CCG ACC GAA GTC AGA AAA CCT
GCT AGA CAA ATT CTA AAA GAG CTG TAA CACTTC
CCT ATA GTG AGT CGT ATT A, was annealed to a T7 pro-
moter oligo: TAA TAC GAC TCA CTA TAG GG, and used at
500 nM as template for in vitro transcription.

Microinjections. Embryos were injected into the yolk or the
1-cell blastoderm with 1 nl of material following standard meth-
o0ds.®® Morpholinos (Gene Tools LLC, Philomath, Oregon) had
the following sequences (5'—3'):

Smn-MO: CGA CAT CTT CTG CAC CAT TGG C*

Standard control (CtrlIMO): CCT CTT ACC TCA GTT
ACA ATT TAT A.

Morpholinos were dissolved and injected in Danieu’s buffer.
Prior to each injection, morpholino stock solution was incubated
at 65°C for 5 min, snap-cooled on ice and an aliquot taken to
measure concentration, which was then adjusted to 1 mM. In
vitro transcribed mRNAs and fluorescently labeled RNAs were
injected in 100 mM KCl, 5 mM Tris-HCI pH 7.4, 0.25 mM
EDTA.

Antibodies. A screen for the maximum length, soluble GST-
tagged fragment of zebrafish coilin expressed in E. coli was per-
formed by ELISA at the MPI-CBG Protein Expression Facility.
This fragment covering 82% of the peptide (aa 96-528) was
used to immunize rabbits. Immunoreactivity of sera (9EA2) was
tested by immunocytochemistry and by western blot. The follow-
ing antibodies were also used: anti-Sm (Y12) at 1:1; anti-TMG
(K121, Calbiochem) at 1:300;”° anti-SMN (1F1) at 1:100;"" anti-
neurolin/DM-GRASP (zn-8) at 1:200.”* Secondary antibodies
were anti-mouse conjugated with FITC and/or anti-rabbit conju-
gated with TRITC (Jackson ImmunoResearch Laboratories).

Western blot. Dechorionated and deyolked embryos were re-
suspended in cold SDS sample buffer.”” For western analysis, 40
ug of total protein extract was analyzed with anti-coilin (9EA2)
antiserum at 1:3,000 and anti-SMN antibody at 1:1,000. As
secondary antibody HRP-coupled anti-rabbit IgG, (1:10,000,
Amersham) and anti-mouse (1:80,000, Sigma) were used.

Indirect immunofluorescence. Embryos were fixed at RT in
4% paraformaldehyde in 100 mM PIPES, pH 6.9, 2 mM MgCl,,
1.25 mM EGTA for 15-30 min, permeabilized for 15-30 min at
room temperature with 0.2% Triton X-100, and blocked in 5%
Normal Goat Serum (Jackson ImmunoResearch Laboratories).
Subsequently, embryos were incubated in a humidified chamber
for 1 h at RT with primary antibody in PBS plus 3% BSA, 0.2%
B-glycerophosphate and 10 mM MgCL. Secondary antibody was
used at 1:200 dilution in the dark. The samples were washed with
PBS with 10 mM MgCl,, rinsed with water, mounted on glass slides,
and left to dry. 80% glycerol (spectrophotometric grade; Fischer
Scientific) supplemented with 25 mg/ml DABCO as an anti-fading
reagent (Sigma) and 2 ug/ml Hoechst 33342 was applied.
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Microscopy. In vivo imaging was performed in 2-3% methyl
cellulose in E3 medium.® Fixed specimens were mounted in 80%
glycerol (spectrophotometric grade; Fischer Scientific) with 25
mg/ml DABCO (Sigma) and 2 ug/ml Hoechst 33342 (Sigma).
Imaging was carried out on an Olympus FluoView 1000 confocal
microscope, using UPlanApo 10x/NA = 0.4, PlanApo 60x/NA =
1.4 Oil, UPlanApo 60x/NA = 1.3 Oil objectives.

Image processing. Images were processed using Image] and
Bitplane Imaris (Bitplane AG, Zurich, Switzerland). Using
Image], an average cytoplasmic and nucleoplasmic intensity
was determined for every experimental time-lapse sequence or
z-stack that was subsequently used for spot counting. For the
early developmental stages, spot counting was done using Imaris
software. Briefly, on the basis of the collected z-stacks with slices
taken every 1 um to minimize double appearance of the same
spot in two subsequent z-slices, a 3D volume was rendered.
It was cropped in 3D to accommodate each nucleus in a new
volume. Subsequently, to define the nucleus, an isosurface was
created using the average cytoplasmic and nucleoplasmic inten-
sities previously determined in Image]. Usually, 3x average cyto-
plasmic intensity was used to set the threshold for isosurface.

Information from outside the nucleus was removed from the
image. For spot counting, the size threshold was set to 0.5 um
and the intensity threshold to three-fold the average nucleoplas-
mic intensity calculated by Image]. Due to the tissue compac-
tion at segmentation and pharyngula stages, counting was done
manually. Figures were prepared using Adobe Illustrator and

Adobe Photoshop.
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SUPPLEMENTARY MATERIAL

Movie (see Figure 5). Dynamic assembly and disassembly of
CBs during mitosis.

Embryo was injected at 1-cell stage with 2.5 femtomole of Alexa-488-
labeled, in vitro synthesized U4 snRNA and mounted for in vivo time-
lapse imaging in 2% methylcellulose. Individual confocal sections were
taken every 4 seconds and are played here at the rate of 12 frames
per second (48 x real time).

Supplementary figures S1-3

Figure S1. Characterization of serum from 9EA2 rabbit
immunized with 96-528 aa fragment of zebrafish coilin.

A. Left panel, Western blot of recombinant MBP-coilin detects an
~95kD protein. The expected MW of the expressed fusion protein is
51.4kD [coilin fragment] + 43kD [MBP] = 94kD, in agreement with the
observed band. Western blots of PAC2 cell extracts (middle panel) and
10 hpf zebrafish embryo extracts (right panel) detect the expected
doublet at ~80kD, which likely represents full length, phosphorylated
and dephosphorylated forms of coilin, as reported in other species'™.
We presume the lower bands at ~64kD are breakdown products often
seen in the literature but not remarked on. In all three panels,
reactivity of preimmune serum (lane 1) and immune serum (lane 2)
are shown. B. Zebrafish PAC2 cells were stained with the serum
(1:3000 dilution) from 9EA2 rabbit (upper panel) or with preimmune
serum as a control (bottom panel). Bar: 10 um.

Figure S2. CBs are present in the nuclei of zebrafish embryos
prior to zygotic gene activation.

Zebrafish embryos were fixed at the indicated stages and labeled with
the O9EA2 antibody immunoreactive with zebrafish coilin. The
arrowheads point to the nuclei magnified in the insets. Bar: 10 pm.

Figure S3. Levels of SMN protein upon depletion (Figure 7).

A. Zebrafish embryos were injected with control morpholino (CtriIMO)
or morpholino targeting the 5-UTR of smn mRNA (SmnMO) and fixed
at the entry to segmentation stage (~10 hpf). Loss of SMN is shown
by immunostaining with 1F1 antibody®.Single confocal sections are
shown; arrowheads: nuclei magnified in the insets (the same as in
Figure 7). Scale bars: 10 um. B. Western blot analysis of zebrafish
embryos treated as in A.
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