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An essential function for the centrosomal protein
NEDD1 in zebrafish development

JA Manning'?, M Lewis®, SA Koblar® and S Kumar*'?

The centrosome is the primary microtubule organising centre of the cell. It is composed of many proteins, some of which make
up the core of the centrosome, whereas others are used for specific functions. Although the cellular roles of many centrosomal
proteins are well defined, much less is known about their functions and the role of the centrosome in development. In this study
we investigated the function of NEDD1, a critical component of the centrosome essential for microtubule nucleation, in zebrafish
(Danio rerio) development. The zebrafish homologue of NEDD1 (zZNEDD1) was cloned and found to have a similar localisation and
function to mammalian NEDD1. We show that zZNEDD1 is essential for survival, as a high level of knockdown was embryonic
lethal. Partial knockdown of zZNEDD1 caused abnormalities including an increase in mitotic and apoptotic cells. Pronounced
phenotypic defects were seen in the brain, with a lack of defined brain structures, incomplete neural tube formation and a
disorganisation of neurons. In addition, we show that a reduction in zZNEDD1 resulted in the loss of y-tubulin at the centrosome.
Our data thus demonstrate that zZNEDD1 is critical for the recruitment of y-tubulin to the centrosome, and is essential for the

proper development of zebrafish.
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The centrosome is the major microtubule organising centre
(MTOC) of cells and serves as a centralised location for
controlling many cellular processes. The centrosomal protein
neural precursor cell expressed developmentally down-
regulated gene 1 (NEDD1),! functions in the centrosomal
and mitotic-spindle recruitment of the y-tubulin ring complex
(y-TuRC). This complex is required for the nucleation of
microtubules, correct formation of the mitotic spindle and
hence progression of the cell cycle.>® Because of this,
depletion of NEDD1 from mammalian cells results in dispe-
rsion of the MTOC, impaired centrosomal and chromatin
nucleation of microtubules, mitotic chaos and cell-cycle
arrest.™

Given the centrosomal localisation and function of NEDD1,
and its dynamic expression during mouse embryogenesis,” it
is expected that this protein has an important role during
development. However, because of the early embryonic
lethality of mouse knockouts of centrosomal proteins, includ-
ing y-tubulin, it has not been possible to study the function of
these proteins in later stages of development in this
organism.®” Zebrafish (Danio rerio) posses many benefits
for developmental studies including the conservation of genes
involved in cell growth and proliferation,® the rapid maturation
of translucent embryos® and the ability to specifically deplete
proteins of interest.'® Although there has been much work
analysing the cell cycle in zebrafish,'! there has been limited

analysis of the centrosome in this species. Therefore, this
system was chosen as a model to study the role of NEDD1
during development. In addition, NEDD1 homologues have
been described in Drosophila, Xenopus and Arabidopsis.'®*
Despite the consistent centrosomal localisation of NEDD1 in
these species, its effect on y-tubulin recruitment appears to be
species dependant. Hence, this study also aimed to compare
the function of zebrafish NEDD1 (zNEDD1) to other homo-
logues.

In this paper we report on the characterisation of zZNEDD1
and provide evidence that this protein displays a similar
localisation and function to mammalian NEDD1. In addition,
we demonstrate that zZNEDD1 is essential in zebrafish and its
depletion leads to defects in mitosis, apoptosis and develop-
ment, focusing on the brain of NEDD1 morphant embryos.

Results

Cloning of zZNEDD1. A zebrafish homologue of NEDD1 was
identified by a BLAST search using the human
NEDD1 protein sequence. This revealed a previously
uncharacterised zebrafish protein of 676 amino acids
(accession number: NP_998671), that is 44% identical and
60% similar to human NEDD1 (Supplementary Figure S1a).
The 79 residues at the C-terminus of these proteins are 68%
identical and 99% similar, suggesting functional conservation
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species, and is closest to Xenopus laevis in evolutionary
distance (Supplementary Figure S1c).

and further indicating that this protein is the zebrafish
homologue of NEDD1. As in human NEDD1, which has
seven WD40 motifs in the N-terminal half of the protein,
zNEDD1 also contains seven WD40 motifs lying within a
similar region of the protein (Supplementary Figure S1b).
These motifs are normally involved in protein—protein
interactions.'® A phylogenetic analysis of this protein with
known NEDD1 homologues from other species shows that
Danio rerio NEDD1 shares a common ancestor with multiple

zZNEDD1 expression is high in the nervous system and
downregulated in development. /n situ hybridisation
analysis showed that in early embryogenesis zNEDD1
mRNA was distributed uniformly throughout all developing
tissues (Figure 1a). This expression was increased during
the 75% epiboly and bud stages of the embryo, before
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Figure 1  Zebrafish NEDD1 (zNEDD1) expression during development. Expression of ZNEDD1 mRNA was detected by in situ hybridisation using anti-sense or sense
probes (a and b). Scale bars = 100 um. (a) In early developmental stages (one cell to germ ring) zZNEDD1 is ubiquitously expressed. This expression increases in cells at the
75% epiboly and bud stages, and decreases as development proceeds. No staining is present in embryos probed with a sense control (eight cells, 75% epiboly and 24 hours
post fertilisation (hpf) representative stages shown). (b) After dissection of the yolk sac, dorsal views of embryos show that zZNEDD1 expression is concentrated along the
neural tube at the 18 somite stage and also in the polarised cells of the lens and retina at the 24 hpf stage. This is more evident at higher magnification (right panels). No
staining is present in the sense controls at the 18 somite and 24 hpf stages. (¢) Zebrafish embryos were collected at various hpf and protein extracted for immunoblot analysis
after removal of the yolk. There is a high level of ZNEDD1 maternal protein (first three stages), and also at the beginning of zygotic translation (germ ring). This is
downregulated from the 75% epiboly stage, and is barely detectable from the 18 somite stage. Levels of y-tubulin remain constant. Levels of f-actin remain consistent after
expression becomes detectable
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Figure 2 Zebrafish NEDD1 (zNEDD1) localises to the centrosome and interacts with y-tubulin. (a) pcDNA3.1-zNEDD1 was transfected into NIH-3T3 cells and zZNEDD1
localisation assessed by immunostaining. In transfected cells (lower cell only), ZNEDD1 colocalises with y-tubulin at the centrosome, with a small amount detectable in the
cytoplasm. Scale bar =40 um. (b) pcDNA3.1-zNEDD1 or pcDNA3.1 alone was transfected into HEK293T cells and assessed for an interaction with endogenous y-tubulin.
Expression of ZNEDD1 and y-tubulin is confirmed in the input lysates (one-twentieth lysates loaded). The ZNEDD1 antibody efficiently immunoprecipitates zZNEDD1. y-tubulin
is also immunoprecipitated with ZNEDD1 and with the y-tubulin antibody. In the absence of antibody or in cells transfected with pcDNA3.1 alone, no y-tubulin is
immunoprecipitated. The ~50kDa band (*) represents IgG. (¢) The interaction of truncated forms of ZNEDD1 and y-tubulin was assessed using endogenous y-tubulin and
Myc-tagged ZNEDD1 constructs. The expression of all ZNEDD1 constructs and y-tubulin is confirmed in the inputs (one-twentieth lysates loaded). y-tubulin was coprecipitated
with full length (1-676 aa), 598-676 aa and 615-676 aa ZNEDD1 only. No construct was transfected in the control lane

decreasing again as the embryo progressed through
development. By 72h post fertilisation (hpf) there was a
marked reduction in zZNEDD1 expression. Upon analysis of
higher magnification dorsal views of embryos at the 18
somite and 24 hpf stages, it was apparent that zZNEDD1
expression was highest in neural tissues (Figure 1b). This
was most evident in the neural tube at the 18 somite stage,
and also in the retina and the lens of the eye at 24 hfp. This
widespread expression within the developing nervous
system correlates with the highest concentration of
proliferating cells within the embryos at these develop-
mental stages.'® In order to analyse zNEDD1 protein
levels, an antibody against the C-terminal 252 amino acids
of zNEDD1 was generated (Supplementary Figure S2).
This antibody was not suitable for whole-mount staining,
and hence the developmental expression of ZNEDD1 protein
was assessed by immunoblotting. There was a high level of
maternal zZNEDD1 evident until the midblastula transition
(Figure 1c, first three lanes).'”"'® Consistent with the in situ
data, the zygotic level of zZNEDD1 remained high early in
development and was then downregulated from about the
75% epiboly stage (Figure 1c and Supplementary Figure S3).
From the 18 somite stage it was barely detectable by
immunoblotting, which is consistent with restricted in situ
expression. As expected, y-tubulin levels remained constant
during the time course, given that it has shown to be
expressed at similar levels during all the stages of
development.’ As a loading control, g-actin maternal
expression was low, but was upregulated from the time of
zygotic expression (high stage) and remained fairly constant
during development.
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zNEDD1 localises to the centrosome and interacts with
y-tubulin. When transfected into mammalian cells, zZNEDD1
localised primarily to the centrosomes (Figure 2a, lower cell
transfected only), where there was complete colocalisation
with y-tubulin. A small amount was also present in the
cytoplasm, which is presumably due to overexpression of the
protein. To examine the interaction of zZNEDD1 with y-tubulin,
zNEDD1 was immunoprecipitated from transfected cells and
blotted for y-tubulin. A clear interaction between zNEDDA1
and y-tubulin was evident (Figure 2b). An alignment of the
mammalian and zebrafish proteins reveals that the C-
terminal region (residues 572-660) of human NEDD1
initially found to interact with y-tubulin,® shows a high
degree of homology with residues 598-676 of zNEDD1
(Supplementary Figure S1a). In addition, a smaller region of
zNEDD1 comprising 615-676 aa is 70% identical and 98%
similar to human NEDD1. Upon immunoprecipitation of
zNEDD1, y-tubulin was found to interact with full-length
zNEDD1 (1-676 aa), and constructs containing amino acids
598-676 or 615-676 (Figure 2c). No y-tubulin was
immunoprecipitated by other constructs lacking the C-
terminus of zNEDD1 (residues 1-597 and 1-614). Thus,
residues 615—676 of zZNEDD1 are sulfficient for its interaction
with y-tubulin.

zNEDD1 depletion in embryos leads to deformed
embryos and brain disorganisation. To determine the
function of zNEDD1 during development, the effect of
reducing zNEDD1 protein in early embryogenesis was
examined. Two morpholinos (MOs) were designed to block
the translation of zNEDD1 (Supplementary Figure S4a).



Embryos injected with a high dose (1 mM) of zZNEDD1 MOs
did not survive to 24 hpf, so lower doses of MO were injected.
When 0.25mM of MO1 or MO2 alone was injected into
embryos, there was ~50% reduction in zZNEDD1 protein
levels (Supplementary Figure S4b and c). When the two MOs
were coinjected (0.125mM each), there was ~80%
depletion of zZNEDD1 protein. The levels of both y-tubulin
and f-actin were unchanged.

When compared with control-injected embryos, those
injected with an intermediate dose of zNEDD1 MO1+2
(0.25mM total) mostly survived to 24 hpf, but appeared
unhealthy with an apparent accumulation of cell death
(Figure 3). In the brain, there was obvious disorganisation of
normal patterning and size such that the overall structure of
the heads was smaller. Hence, this concentration of MO was
chosen for further analysis. At 24 hpf, the uninjected and
control-injected embryos developed normally and many
clearly defined structures of the brain such as the ventricles
(tectal and fourth ventricle labelled) and the cerebellum could
be observed (Figure 3a and b). The forebrain, the midbrain
and the hindbrain could also be identified and their boundaries
easily distinguished. In addition, the eyes were easily
delineated. AllzZNEDD1-depleted embryos displayed abnorm-
alities, but there was some variability in the extent of these
defects, presumably depending on the efficiency of knock-
down (Figure 3c—e). It was possible to arbitrarily categorise
the zZNEDD1 morphants into mild, moderate and severely
abnormal phenotypes, with the majority of ZNEDD1-depleted
fish displaying moderate levels of abnormalities. When
compared with uninjected and control injected, all zNEDD1-
depleted embryos displayed abnormal shortened tails with a
curved body axis; however, defects in the nervous system
were analysed further in this study (Figure 3c—e). In cases of
mild abnormalities, the eyes remained largely intact, and the
midbrain and the hindbrain were present and well defined
(Figure 3c). However, the forebrain was not properly devel-
oped. This phenotype was more obvious in cases of moderate
abnormalities, with the forebrain appearing severely disorga-
nised and containing aggregates of dark masses, presumably
representing dead cells (Figure 3d). The ventricular system
was also abnormal in size and shape, although the midbrain
and the hindbrain structures were still defined, and eyes were
present. In zZNEDD1-depleted embryos classed as being
severely abnormal, the eyes were completely obliterated
(Figure 3e). There were more dark masses, and the midbrain,
the hindbrain and the forebrain structures could not be
delineated. These results indicate that the knockdown of
NEDD1 leads to abnormalities including in patterning and
organisation of the zebrafish brain.

Phenotypes of zNEDD1-depleted embryos can be
rescued by zNEDD1 mRNA. In order to verify that the
observed phenotypes were because of specific zNEDD1
knockdown and not off-targets effects, the combined MOs
were injected into embryos together with capped full-length
zNEDD1 mRNA. It is important to note that co-injection with
zNEDD1 mRNA largely rescued the phenotypes, such that
these embryos appeared similar to uninjected embryos
(Figure 3f). When compared with uninjected embryos,
embryos injected with ZNEDD1 MO1 + 2 displayed obvious
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phenotypic abnormalities with only ~30% appearing normal
(Figure 3g). However, upon co-injection of zZNEDD1 MO1 42
with zZNEDD1 mRNA, ~80% of embryos appeared
morphologically normal. The rescue of morphology was
shown to be because of the significant restoration of
zNEDD1 protein levels by the co-injection (Figure 3h).
These results confirm that the reduction in zZNEDD1 caused
by MO injection is specifically responsible for the observed
phenotypic abnormalities.

zNEDD1-depleted embryos display a high level of
apoptosis. The dark cell masses apparent in the
phenotypic analysis of zNEDD1-depleted embryos
suggested that these morphants displayed a high level
of cell death. To investigate this further, embryos were
assessed for apoptosis by TUNEL. Although uninjected
and control-injected embryos exhibited very few apoptotic
cells (18+4 and 18+7 TUNEL positive cells per embryo
respectively, Figure 4a, b and f), zNEDD1-depleted embryos
consistently displayed a higher level of apoptosis present
throughout the whole embryo (64+12 TUNEL positive
cells per embryo), but more concentrated in the brain
and the neural tube (Figure 4c’, ¢” and f). In particular,
there were a high number of apoptotic cells in the forebrain,
correlating with the gross morphological abnormalities
and cell death seen in this region of the brain in Figure 3.
Co-injection with zZNEDD1 mRNA rescued this phenotype
(18 £7 TUNEL positive cells per embryo, Figure 4d and f),
thus indicating that the apoptosis is caused by the
specific reduction of zZNEDD1. It is known that some MOs
nonspecifically induce p53 activity, which may result in
increased cell death.?’ In order to discount this as the
cause for the apoptosis seen when injecting with zNEDD1
MOs, co-injections were carried out with a previously
characterised p53 MO.2%2" After co-injection of zNEDD1
MOs with the p53 MO, apoptosis was still occurring, although
the number of TUNEL-positive cells appeared to be slightly
lower in the co-injected embryos (56+5 TUNEL-positive
cells per embryo, Figure 4e and f and Supplementary Figure
S5). As this phenotype was rescued by co-injection with
zNEDD1 mRNA, this suggests that some of the apoptosis in
embryos depleted of zZNEDD1 by MO injection relies on p53
activity.

zNEDD1-depleted embryos display mitotic arrest. Given
that the depletion of NEDD1 in cultured mammalian cells has
been shown to cause mitotic arrest,>® we examined whether
there were any changes in the mitotic index of zZNEDD1-
depleted zebrafish embryos by staining for phosphorylated
histone H3 (pH3), which is present during G2 and mitosis.?
zNEDD1-depleted embryos displayed an increase in the
number of mitotic cells when compared with uninjected or
control-injected embryos (75+ 12 pH3-positive cells per
embryo for uninjected, 71 + 14 for control and 150 + 42 for
zNEDD1-depleted, Figure 5a—c and e). As there did not
appear to be an increase in total cell numbers or size of the
embryos, this suggests that many cells may have been
arrested in mitosis. The mitotic cells were present throughout
the embryo, but appeared concentrated in the brain and
neural tube. Co-injection with zNEDD1 mRNA partially
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rescued this phenotype, although unlike other phenotypes incomplete restoration of zZNEDD1 protein levels following
this was not completely restored, (114 + 16 pH3 positive cells zNEDD1 mRNA injection, which may have been insufficient
per embryo, Figure 5d and e). This may be explained by the to avert the arrest of some cells in mitosis.
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Overexpression of residues 598-676 of zNEDD1
mimics the apoptosis and mitotic arrest of zNEDD1
depletion. We have recently observed that the C-terminal
region of mammalian NEDD1 acts as a dominant-negative by
binding to endogenous y-tubulin and sequestering it away
from the centrosome (JAM and SK, unpublished data). As a
similar region of zZNEDD1 is sufficient for binding to y-tubulin
(Figure 2c), we tested whether overexpression of residues
598-676 of zNEDD1 could cause effects similar to those
seen by zZNEDD1 depletion. It is interesting to note that 76%
of embryos injected with GFP-tagged zNEDD1 598-676
mRNA were dead or severely abnormal by 24 hpf, compared
with only 20% of embryos injected with GFP mRNA
suggesting that overexpression of GFP-zNEDD1 598-676
is toxic to the embryos. However, in surviving embryos,
those with detectable GFP—zNEDD1 expression, but not
GFP control, were phenotypically deformed, similar to
the embryos injected with zNEDD1 MO in Figure 3
(Supplementary Figure S6a). In addition, these embryos
displayed a higher level of TUNEL and pH3 staining
indicative of increased apoptosis and mitotic arrest,
although this was not quantitated given the severity of
abnormalities and low number of surviving embryos
(Supplementary Figure S6b and c). This suggests that
residues 598-676 of zZNEDD1 act as a dominant negative
to disrupt normal zNEDD1 function and provides further
evidence that zNEDD1 is important for zebrafish
development.

zNEDD1-depleted embryos undergo neurogenesis, but
present poorly patterned neuronal structures. Given the
mitotic arrest and increased apoptosis in zZNEDD1-depleted
embryos, it was no surprise that these embryos displayed
other morphological abnormalities. Also, consistent with the
expression of ZNEDD1 mRNA in neural tissues (Figure 1b),
the disorganised appearance of brains in the zNEDD1
morphants (Figure 3) was anticipated and further suggested
that these embryos may exhibit neuronal defects. To
characterise this further, embryos at 24 hpf were stained
with an antibody to HuC, a protein that maintains high
expression in post-mitotic cells in most regions of the
nervous system.2® All embryos were developmentally age
matched, as can be seen by the normal development of
structures such as the eyes in most cases (Figure 6).
In uninjected, control injected and zZNEDD1 MO1 + 2 -+ RNA
co-injected embryos, HUC was expressed in multiple regions
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of the brain and in a continuous population of post-mitotic
neurons throughout the rostrocaudal axis of the neural tube
(Figure 6a, b and d, arrows).2*2® These neurons were still
present in zNEDD1-depleted embryos, even though the
embryos had growth defects and abnormalities at this
stage (Figure 6c). Upon closer analysis of the staining in
the trunk of these embryos, the HuC-positive neurons
consistently appeared similar in number and patterning to
uninjected, control and rescued embryos (Figure 6e—h).
However, in regions of the brain, the hindbrain and the
cranial ganglia, there were variable effects of zNEDD1
depletion on neuronal number and patterning, with the
majority of embryos displaying a moderate phenotype. In a
dorsal view of embryos at 24 hpf, HuC is normally distributed
throughout regions of the forebrain, the hindbrain and in the
cranial ganglia, as seen in uninjected, control and rescued
embryos (Figure 6i, j and [). After zNEDD1 depletion,
embryos that displayed moderate abnormalities still
contained many HuC-positive neurons, although there was
distorted patterning of brain structures and cranial ganglia
(Figure 6K’). In addition, the brain structures were reduced in
size, which is consistent with the increase in cell death and
mitotic arrest described previously in the brain (Figure 4).
In embryos that displayed severe morphological defects,
HuC-positive neurons were still present, but the severity of
the brain, the hindbrain and the cranial ganglia disruption to
size, neuronal number and patterning was more intense
(Figure 6k”). Hence, zNEDD1 depletion from zebrafish
embryos does not appear to affect the differentiation of
post-mitotic neurons, but does cause severe defects in
neuronal organisation in the brain.

To further characterise the effects of ZNEDD1 depletion on
neural development, embryos were also analysed for Rohon—
Beard (RB) sensory neurons.?® In uninjected and control-
injected embryos, characteristic acetylated «-tubulin staining
revealed RB cells and their axonal projections along the tracts
of the dorsal longitudinal fasciculus (Figure 6m and n).>’ In
zNEDD1-depleted embryos, there was variability in the extent
of abnormalities seen. Embryos with mild and moderate
phenotypes displayed a relatively normal morphology of the
neural tube, but had greatly reduced acetylated «-tubulin
staining, with a decrease in RB cells and a marked reduction
in the fasciculation of their axons (Figure 60'). Severely
abnormal zNEDD1 morphants displayed scarce RB cells,
residing in the proximal region only. Axons were disorganised
and displayed markedly reduced fasciculation, probably due

<

Figure3 Zebrafish NEDD1 (zNEDD1)-depleted embryos are severely deformed and show brain disorganisation. Embryos were viewed by light microscopy at 24 hpf. First
two panels are lateral view, third panel is dorsal view. The eye (e), the tectal ventricle (tv), the cerebellum (ce), the fourth ventricle (iv), the hindbrain (hb), the forebrain (fb) and
the midbrain (mb). (a and b) Uninjected and control-injected embryos are identical in appearance with well-defined structures in the brain. (c—e) Most zZNEDD1-depleted
embryos (zNEDD1 MO1 + 2) display a deformed phenotype, which varies between embryos. (c) In cases of mild defects, the forebrain appears disorganised, but the
midbrain, the hindbrain and the eyes appear to develop normally. (d) In moderate cases, the disorganisation of the forebrain is more severe, and areas of the ventricular
system also appear disturbed with patches of dark cell masses. (€) In severe cases, there are more dark cell masses, no clear delineation of the forebrain, the midbrain and the
hindbrain, and the eyes are obliterated. (f) In embryos co-injected with ZNEDD1 mRNA (zNEDD1 MO1 + 2 + RNA), the phenotypes are rescued to a large extent and the
brain structures are restored. Scale bars = 100 um. (g) Embryos were injected with control morpholino (MO), the combined zZNEDD1 MO1 + 2 or ZNEDD1 MO1 +- 2 together
with 5ng I~ capped ZNEDD1 mRNA. Only 31% of embryos injected with ZNEDD1 MO1 -+ 2 display normal morphology resembling uninjected embryos. This is rescued by
the co-injection with zZNVEDD1 mRNA which results in 78% of embryos now appearing morphologically indistinguishable from uninjected embryos (MO1 +2 + RNA). The
errors bars represent S.E.M., n= 3 independent experiments using approximately 50 embryos each. (h) Protein was extracted 24 h after injection and 20 ug of each sample
immunoblotted for ZNEDD1 and y-tubulin. ZNEDD1 MO injection greatly reduces zZNEDD1 levels and this is restored by co-injection with ZNEDD1 mRNA. y-tubulin serves as a

loading control, as this is not affected by ZNEDD1 depletion
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Figure 4 Zebrafish NEDD1 (zNEDD1) depletion causes a high level of
apoptosis. Uninjected and morpholino (MO)-injected embryos were assessed for
apoptosis by TUNEL at 24 hours post fertilisation (hpf). (a and b) Uninjected and
control injected embryos display very few TUNEL-positive cells. (¢) zZNEDD1
MO1 + 2 (0.25 mM total)-injected embryos show a high level of apoptosis, primarily
concentrated in the forebrain and the neural tube. Representative examples of two
embryos are shown (¢’ and ¢”). (d) The apoptosis is rescued by co-injection with
zNEDD1 mRNA. (e) Co-injection of zZNEDD1 MO1 +2 and p53 MOs (0.25mM
MO1 +2 +0.5mM p53 MO) results in apoptosis, although there are not as many
TUNEL positive cells as in ZNEDD1 MO1 + 2 injection alone. Scale bars = 500 pm.
(f) Quantification of numbers of TUNEL-positive cells from five experiments, with
approximately five embryos for each group. Error bars represent S.E.M. (n=5)

to the reduction in neurons present in these embryos (Figure
60"). It was also easily observed in the acetylated «-tubulin
stained embryos that the neural tube was severely abnormal,
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suggesting spina bifida (incomplete closure of the neural tube)
was occurring. As seen for other phenotypes, co-injection with
zNEDD1 mRNA rescued the defects (Figure 6p). Thus, as
well as disrupting post-mitotic HuC neurons, the depletion of
zNEDD1 also caused abnormalities in the number and
patterning of RB sensory neurons, their axonal outgrowth
and fasciculation, and neural tube formation.

Depletion of zZNEDD1 causes a loss of y-tubulin from the
centrosome. In mammalian cells, the most important
function of NEDD1 identified thus far is its role in recruiting
y-tubulin to the centrosome,??® although this does not seem
to be true in Drosophila and Xenopus.'®*?® It was
hypothesised that the inability of y-tubulin to localise to the
centrosome in zZNEDD1-depleted embryos may contribute to
the phenotypic abnormalities observed in this study.
Therefore, we assessed whether zNEDD1 is important in
the recruitment of y—tubulin to the centrosome in zebrafish.

At 24 hpf, in all cells of control-injected embryos, zZNEDD1
and y-tubulin perfectly co-localised in centrosomes. This was
most obvious in regions of high proliferation such as in the
hindbrain. The centrosomes were intensely stained with
zNEDD1 and y-tubulin at the apical surface in these cells
(Figure 7a, section through the fourth ventricle shown). In
zNEDD1-depleted embryos, there was a dramatic reduction in
the levels of expression of centrosomal zZNEDD1 and y-tubulin
in the same region and the ventricles were less well formed
(Figure 7b). Similar observations were made in the forebrain
(Figure 7c and d). Thus, similar to mammalian NEDD1,
zNEDD1 appears to be required for the recruitment of
y-tubulin to centrosomes. Therefore, it seems likely that
the centrosomal reduction of y-tubulin in zZNEDD1-depleted
embryos contributes to the observed morphological
abnormalities.

Discussion

This study describes the identification and characterisation of
a zebrafish homologue of NEDD1, which displays highly
conserved regions of sequence similarity to mammalian
NEDD1. The analysis of mRNA and protein revealed that
zNEDD1 is highly expressed early in embryonic stages,
particularly in neural regions, and is downregulated as
embryogenesis proceeds. This observation is consistent with
initial observations that NEDD1 is downregulated in the brain
during mouse embryonic development.® The high expression
of zNEDD1 correlates with the time of the most rapid
proliferation occurring in the embryo.'® This aligns well with
the expression of mammalian NEDD1,° and suggests that
zNEDD1 may be important in early development, particularly
in the nervous system at times of rapid proliferation. It is
important to note that zZNEDD1 appears to function in a
manner similar to homologues identified in mammals,??
Drosophila'®>?® and Xenopus'® by localising to the centro-
some and interacting with y-tubulin. However, unlike the
dynamic expression of ZNEDD1, the level of y-tubulin remains
constant during embryogenesis, suggesting that there may be
additional y-tubulin-independent functions of zZNEDD1. It is
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Figure 5 Zebrafish (NEDD1) (zNEDD1) depletion causes an increase in mitotic cells. Uninjected or morpholino (MO)-injected embryos were assessed for mitotic cells
by phosphorylated histone H3 (pH3) staining at 24 hours post fertilisation (hpf). (a and b) Uninjected and control-injected embryos display low levels of pH3 positive cells.
(c) ZNEDD1 MO1 + 2-injected embryos have an increased number of pH3 positive cells, primarily in the brain and the neural tube. Two representative embryos are
shown. The division (white line) in the right panel indicates two different focal planes. (d) zZNEDD1 MO1 -+ 2-injected embryos rescued with 5 ng ul~' ZNEDD1 mRNA partially
restores the level of pH3 staining. Scale bars =500 um. (e) Quantification of numbers of pH3-positive cells with six embryos for each group. Error bars represent S.D.

(n=6 embryos each)

plausible that this protein is important in other cellular
processes besides its established role in microtubule
organisation.

Depletion of zNEDD1 resulted in embryos displaying
variable phenotypes, with all exhibiting developmental and
cellular abnormalities, including smaller heads, disorganised
brains, evidence of spina bifida and an increase in apoptotic
and mitotic cells. Defects in post-mitotic and sensory neurons
were also observed, suggesting that zZNEDD1 may regulate
the proliferation, organisation and migration of neurons, which
are processes that are known to involve the centrosome.?93°
The highest level of abnormalities was seen in the forebrain,
but the reasons for this are at present unknown. It is important
to note that the observed phenotypes were the result of
specific zZNEDD1 depletion, as co-injection of the MOs with
zNEDD1 mRNA, which restored zNEDD1 protein levels, was
able to rescue the phenotypes. In addition, overexpression of
a GFP-tagged C-terminal region of zZNEDD1 caused similar
effects as zZNEDD1 depletion although it was more toxic to the
embryos. The equivalent region of mammalian NEDD1 acts
as a dominant negative by binding to y-tubulin and sequeste-
ring it away from the centrosome (JAM and SK, unpublished
data). Therefore, overexpression of this region of ZNEDD1 in
zebrafish is likely to function by interfering with the function of
endogenous zNEDD1 protein. These loss-of-function studies

clearly indicate that zZNEDD1 is critical for the development
and the proper formation of the brain.

Correlating with the morphological abnormalities, it was
found that zZNEDD1-depleted embryos displayed a high level
of apoptosis. It is important to note that this occurred primarily
in the brain and the neural tube, which are regions of high
zNEDD?1 expression. It is interesting to note that although this
apoptosis still occurred after co-depletion of p53, which is
often upregulated after MO injection, there was a slight
reduction in the amount of apoptotic cells in these embryos.
As many proteins induce apoptosis by stabilising or upregu-
lating p53,3' it is feasible that zZNEDD1 depletion may exert
some of its effects through the p53 pathway.

In addition to cell death, consistent with the depletion of
NEDD1 in mammals resulting in an increased mitotic index, %3
zebrafish embryos with reduced zNEDD1 had a higher
incidence of pH3 staining, indicative of mitotic arrest. Given
that the increase in mitotic cells and the observed apoptosis
were occurring in similar regions of the embryo, it is likely that
the apoptosis was a downstream consequence of the mitotic
arrest. By inhibiting cell proliferation, it has been demon-
strated that the amount of proliferation occurring in the
midbrain and the hindbrain neural tube surrounding the
ventricles correlates with future ventricle size.®® Hence, it is
plausible that the zZNEDD1-depleted cells in this study may be
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arresting in mitosis and then undergoing apoptosis, therefore
not allowing cell proliferation and thus resulting in smaller

brain ventricular structures.

It is interesting to note that these phenotypes resemble the
zebrafish cassiopeia mutant, which displays an increased
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mitotic index and increased numbers of apoptotic cells.3®
The cassiopeia mutant harbours a loss-of-function of the
SCL-interrupting locus (SIL) gene,®* which is normally expressed
specifically in mitosis.®®> Embryos depleted of SIL have
extremely disorganised mitotic spindles and often lack one
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Figure7 Zebrafish NEDD1 (zNEDD1) depletion causes a loss of y-tubulin from centrosomes. Cryosections of control or ZNEDD1 MO1 + 2-injected embryos were stained
for ZNEDD1 and y-tubulin at 24 hours post fertilisation (hpf). The region within the marked box is enlarged in the right panels. (a) In the hindbrain of control-injected embryos,
zNEDD1 and y-tubulin display a high level of expression colocalising in centrosomes of polarised neural cells. (b) Embryos injected with NEDD1 MO1 + 2 show reduced
centrosomal expression of both ZNEDD1 and ;-tubulin in cells in a similar region of the hindbrain. (¢) In control morpholino (MO)-injected embryos in the forebrain there is high
expression of ZNEDD1 and y-tubulin in the centrosomes of highly proliferating cells in the ventricular region. (d) In ZNEDD1 MO1 + 2-injected embryos, centrosomal zZNEDD1
and y-tubulin are both reduced in the forebrain (f). The structures of the ventricles are also disturbed in these embryos. Scale bars = 10 um
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Figure 6 Zebrafish (NEDD1) ZNEDD1 depletion causes disorganised brains and defects in neuronal patterning. (a-1) Uninjected or morpholino (MO)-injected fish were
assessed for post-mitotic neurons by HuC antibody staining at 24 hours post fertilisation (hpf). Scale bars = 100 um. The eye (e), the forebrain (fb), the midbrain (mb) and the
hindbrain (hb). (m—p) Uninjected or MO-injected animals were assessed by acetylated o-tubulin staining at 24 hpf. Embryos are shown from a lateral view. Rohon-Beard cells
(RB). Scale bars =40 um. (a-d) Embryos are photographed at x 4 magnification (lateral orientation). (@ and b) Uninjected and control-injected embryos show faint but
normal HuC staining in different areas of the brain and in the neural tube (arrows). (¢) ZNEDD1 MO1 -+ 2-injected embryos are positive for HuC staining, however, they appear
morphologically abnormal. (d) This is rescued by co-injection with ZNEDD1 mRNA. (e-h) Enlarged lateral images of the neural tube in the trunk show that HuC post-mitotic
neurons in this region are largely unaffected by ZNEDD1 MO1 + 2 injection. (i-1) Enlarged dorsal images of the brain region of embryos show HuC in the forebrain, the
hindbrain and the cranial ganglia regions. (i, j) HuC staining is well organised, and the forebrain, the midbrain and the hindbrain regions are clearly defined in uninjected and
control MO-injected embryos. (k' and k”) Two zZNEDD1-depleted embryos are shown with varying degrees of abnormalities. (k') In zZNEDD1-depleted embryos with moderate
abnormalities, the cranial ganglia are still present but show distorted patterning, and the overall size and definition of the brain structures are reduced. (k") In zZNEDD1-depleted
embryos with severe abnormalities, the cranial ganglia are more distorted, and all brain structures markedly disorganised and virtually indistinguishable. (I) Normal HuC
staining and brain structures after co-injection with ZNEDD1 mRNA. (m and n) Uninjected and control-injected embryos show a normal neural tube, with characteristic staining
of acetylated o-tubulin in RB sensory neurons and their axons within the dorsal longitudinal fasciculus. (o’) ZNEDD1 MO1 + 2-injected embryos that show mild or moderate
abnormalities have a reduced amount of RB cells and fasciculated axons, but the neural tube appears relatively normal. (0”) ZNEDD1 MO1 + 2-injected embryos that show
severe abnormalities with very few RB cells, a marked reduction in bundling of fasciculated axons, and incomplete neural tube closure. (p) These phenotypes are rescued by
co-injected with zZNEDD1 mRNA
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or both centrosomes.3® Hence, it has been hypothesised that
SIL may be required for proper centrosome duplication or for
microtubule organisation, as its disruption leads to centro-
some dissociation from the mitotic spindle. Therefore, given
that the phenotypes observed in embryos depleted of
zNEDD1 resemble those of SIL depletion, they are likely to
be because, at least in part, of its centrosomal function and in
organising a correct mitotic spindle.

There have been limited studies assessing the role of the
centrosome in zebrafish development. However, itis apparent
that depletion of the other zebrafish centrosomal proteins
analysed thus far can also cause defects in the nervous
system. Indeed, it has been demonstrated that depletion of
the centrosomal protein CEP290 (nephrocystin-6) from
zebrafish embryos results in developmental defects of the
CNS such as smaller eyes and defects of the brain,3® thereby
highlighting the importance of centrosomal proteins in CNS
development. In addition, depletion of CEP290 causes retinal
degeneration and kidney abnormalities, because of its
function in cilia.3®*” Depletion of other centrosomal proteins,
Cep70 and Cep131, also results in embryos with a curved tail,
shortened body axis and ectopic otoliths, because of
shortened cilia.*® Although not examined here, given the link
between centrosomal proteins and ciliary function, and the
localisation of NEDD1 to the base of cilia in mouse embryos,®
it is feasible that zZNEDD1 depletion also causes ciliary defects
in zebrafish.

As discussed previously, mammalian NEDD1 is essential
for the recruitment of y-tubulin to the centrosome, where it
nucleates microtubules and allows correct mitotic progres-
sion. Homologues in Drosophila and Xenopus are not
required for this centrosomal y-tubulin recruitment.' 1328 |t
is interesting to note that this study has revealed that the
depletion of zZNEDD1 from zebrafish also causes a reduction
in y-tubulin at the centrosome. Hence, zZNEDD1 functions to
recruit y-tubulin to the centrosome in zebrafish, and this is
presumably important for correct mitotic progression and
embryonic development. It is interesting that zebrafish
NEDD1 functions more similarly to mammalian NEDD1 than
to the Xenopus homologue, XNEDD1. However, it is possible
that the apparent difference in recruitment of y-tubulin is due
more to the experimental systems, than because of true
functional differences.

In conclusion, our study clearly indicates that zNEDD1
interacts with y-tubulin and localises to the centrosome as in
other species. We have shown that zZNEDD1 is critical for the
recruitment of y-tubulin to the centrosome, as in mammalian
cells, and is essential for the proper development of zebrafish.

Materials and Methods

In silico analysis. Alignments and phylogenetic trees were carried out using
Clustal W2 (http://www. ebi.ac.uk/Tools/clustalw2/index.html).3° Protein motif
searches were conducted with Scansite Motif Scan (http:/scansite.mit.edu/
motifscan_seq.phtml).*°

Plasmids. Total RNA was extracted from 24 hpf wild-type zebrafish embryos
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesised from
2 ug RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). cDNAs were amplified by RT-PCR using Pfu
Ultra Il Polymerase (Stratagene, La Jolla, CA, USA) to create various zZNEDD1
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constructs. All constructs and primer sequences are described in Supplementary
Materials and Methods. All DNA constructs were verified by sequencing.

Antibody production. To generate a ZNEDD1 antibody, the C-terminal 252
amino acids of the protein fused to GST (pGEX-2T-2-zZNEDD1) were expressed and
purified as described.*' Two rabbits were injected and the serum affinity purified
against the ZNEDD1 antigen as previously described.*?

Cell lines, transfections, staining and immunoprecipi-
tations. Human embryonic kidney cells (HEK293T) and mouse
NIH-3T3 fibroblasts were cultured in DMEM (Invitrogen), supplemented with 10%
foetal bovine serum, 50 Uml~" penicillin, 0.05mgmi~" streptomycin (all from
Invitrogen) at 37°C in 5% CO,. Transfections were carried out using Lipofectamine
2000 (Invitrogen), according to the manufacturer's instructions. Cell staining was
conducted as described using 1:500 rabbit o-zZNEDD1® and 1:500 mouse
o-p-tubulin, (GTU-88, Sigma, St. Louis, MO, USA) and images obtained using a
confocal microscope as described.*® For immunoprecipitation, 1 x 10° HEK293T
cells were lysed and immunoprecipitated as previously described,* using 1 pl of
antibodies to zZNEDD1 or a-p-tubulin.

SDS-PAGE and immunoblotting. Samples were boiled for 5min in 2 x
SDS loading buffer (100mM Tris-HCI pH 6.8, 200mM DTT, 4% SDS, 0.2%
bromophenol blue and 20% glycerol), separated by SDS-PAGE and transferred to
PVDF membranes. Immunoblotting for ZNEDD1 was carried out using rabbit
«-zZNEDD1 at 1:200 as described.® Immunoblotting for y-tubulin and S-actin were
carried out using mouse -y-tubulin (GTU-88, Sigma) and mouse «-f3-actin (AC-15,
Sigma).** The intensity of protein bands was quantitated and normalised to
y-tubulin bands using ImageQuant (Molecular Dynamics, Sunnyvale, CA, USA).

Zebrafish maintenance and staging. Zebrafish were maintained in the
Adelaide Zebrafish Facility (Adelaide University, Adelaide, SA, Australia) at 28.5°C
under standard conditions.*® Embryos were collected and maintained in a medium
containing 13.72 mM NaCl, 0.54 mM KCl, 0.025 mM Nay,HPOy,, 0.044 mM K,HPO,,
1 mM CaCl,, 1 mM MgSQO, and 0.035% (w/v) NaHCO;. Developmental stages were
determined by using both hours post fertilisation and morphological features.’
Before manipulation, embryos were anesthetised in 200 g ml~" tricaine (Sigma)
and where necessary, dechorionated manually.

In situ hybridisation. Anti-sense and sense digoxygen (DIG) labelled
riboprobes were generated from a pGEM-T-Easy plasmid containing amino acids
1-422 of ZNEDD1. The plasmid was linearised at the 5" or 3’ end of the clone using
Hincll or Notl enzymes, respectively. RNA was transcribed in vitro, incorporating
DIG-11-UTP by T7 or T3 RNA polymerase for the sense and anti-sense probes
respectively, using the DIG RNA labelling kit (Roche, Mannheim, Germany).
Hybridisations were conducted as described*® with the following modifications: for
embryos older than 24 hpf, embryo medium was replaced at 10 hpf with 0.0045%
phenylthiourea (Sigma) in embryo medium to prevent pigmentation. Chorions were
removed manually with forceps after fixation. After incubating with o-DIG (1 : 5000,
Roche) and staining solution, embryos were submerged in 2:1 benzyl benzoate/
benzyl alcohol mix (Sigma). Embryos were then rehydrated by 5 min washes of 75,
50 and 25% methanol in PBST, washed in PBST and cleared in 80% glycerol/PBST
(PBS/0.1% Tween20) ovemight before being mounted. A Zeiss Axiophot
microscope was used with DIC (Nomarski differential interference contrast)
optics. Images were captured using a HC1000 digital 3CCD colour camera (Fuji,
Dusseldorf, Germany) and compiled using Adobe Photoshop 6.0 software.

Protein extraction from zebrafish. To extract protein from zebrafish,
embryos were dechorionated and the yolks were removed manually with forceps
and needles. The embryos were then vortexed in Ringers solution (55 mM NaCl,
1.8mM KCI and 1.25mM NaHCO3) for 5min to dissolve the remaining yolk,
before pelleting by centrifugation at 4000 x g for 5min and lysis in RIPA buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% deoxycholic acid, 0.1%
SDS, 10mM EDTA and complete protease inhibitor cocktail (Roche)). Protein
concentration was assessed using the BioRad Protein Assay (Biorad Laboratories,
Hercules, CA, USA).

MO oligo design and injection. Morpholino oligos were designed and
synthesised by GeneTools (Philomath, OR, USA) and resuspended in nuclease free
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MQ H.0 to give a stock solution of 2 mM. Anti-sense MO sequences are given in the
5 — 3 direction.

zNEDD1 MO1: ACGTCCTCCATCCCAGCAGCCTTGT

zNEDD1 MO2: AAGTGTAGACAATGTAAATGATATG

Control MO: AAGTGTAGACAATGTAAATGATATG

p53 MO: GCGCCATTGCTTTGCAAGAATTG

Before microinjection, MO stock was diluted to the required concentration in MQ
H,0. For all experiments involving microinjection, MOs were injected into the
cytoplasm of the one-cell stage embryos using an MPPI-2 Pressure Injector
(Applied Scientific Instrumentation, Eugene, OR, USA). Injected embryos were
maintained at 28.5°C in embryo media.

Generation of capped mRNA for rescue and overexpression. For
rescue experiments, ZNEDD1 in pBlueScript KS was linearised with Sacll and used
to generate capped mRNA with the G(5')ppp(5)G cap analogue (Ambion, Austin,
TX, USA) using the MEGASscript T7 kit (Ambion), according to the manufacturer’s
instructions, except that a cap analog/GTP ratio of 4:1 was used. For GFP
overexpression, zZNEDD1 598-676 in pcDNA-DEST53 or pcDNA-DEST53 alone
was linearised with Pacl or EcoRI respectively and capped mRNA generated as
described above.

Light and epifluorescence microscopy. The embryos were
anaesthetised 24 h after injection, mounted onto a glass slide and photographed
at x4 and x 10 on a BX51 microscope (Olympus, Center Valley, PA, USA) with
UPlanApo objectives with a 488 and 568 nm filter fitted with a DP70 camera
(Olympus) and processed with Olysia Bioreport software (Olympus).

Detection of apoptosis by TUNEL in whole-mount embryos. Apoptosis
was detected by TUNEL using the In situ Cell Death Detection Kit, TMR Red (Roche).*”
Images were acquired on a BX51 microscope as described above.

Whole-mount immunohistochemistry for pH3 and acetylated
a-tubulin. Embryos were fixed and permeabilised in 100% methanol overnight at
—20°C and rehydrated by 5 min washes of 75, 50, 25% methanol in PBST, before
2 x 10min washes in PBST. Embryos were then incubated in blocking solution
(0.1% BSA, 10% goat serum in PBST) for at least 1 h prior to incubation with the
primary antibodies (1: 100 rabbit «-phosphorylated histone H3, C8, Cell Signalling,
Beverly, MA, USA; 1:500 mouse acetylated «-tubulin, 6-11B-1, Sigma). Following
incubation overnight at 4°C with gentle rocking and washing with PBST, embryos
were incubated with secondary antibody (1: 1000 rabbit or mouse Alexa Fluor 488,
Molecular Probes, Invitrogen) for at least 2 h at RT with gentle rocking. Embryos
were then washed in PBST for 3 h, cleared overnight in PBST/80% glycerol and
mounted. Embryos stained with «-pH3 were photographed as for TUNEL staining.
Embryos stained with «-acetylated tubulin were photographed on a confocal
microscope as described.*?

Whole-mount immunohistochemistry for HuC. Embryos were fixed
in 4%PFA/PBS overnight followed by several washes in PBST. Embryos were
then incubated on a rotor with 0.5% H,O, and 0.5% goat serum for 30 min
at RT, washed in PBST for 10 min, and then blocked and stained with 1:1000
rabbit o«-HuC (16A11, Molecular Probes, Invitrogen) using the Elite mouse 1gG
Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA). For development
of colour the DAB substrate kit for peroxidise was used (Vector Laboratories).
Embryos were then washed in PBST, cleared, mounted and photographed as for
light microscopy.

OCT sectioning and immunohistochemistry. For sectioning, embryos
were fixed in 100% methanol overnight at —20°C, rehydrated in 5 min washes of 75,
50 and 25% methanol in PBST, before 2 x 10 min washes in PBST. Embryos were
submerged in 30% sucrose/PBST for at least 3 h, before embedding into TissueTek
OCT compound (Sakura Finetek, Torrance, CA, USA), frozen on dry ice and
sectioned at 10 um onto glass slides using a cryostat (CM1950, Leica, Wetzlar,
Germany). Sections were fixed and stained as described using 1:200 rabbit
-zZNEDD1® and 1:500 mouse a-p-tubulin (GTU-88, Sigma).
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