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ABSTRACT

Bicaudal-D (BicD) is a dynein adaptor that transports different cargoes along
microtubules. Reducing the activity of BicD specifically in freshly laid Drosophila eggs by
acute protein degradation revealed that BicD is needed to produce normal female meiosis 1l
products, to prevent female meiotic products from re-entering the cell cycle, and for
pronuclear fusion. As BicD is required to localize the spindle assembly checkpoint (SAC)
components Mad2 and BubR1 to the female meiotic products, it appears that BicD functions
to localize them to control metaphase arrest of polar bodies. BicD interacts with Clathrin
heavy chain (Chc), and both proteins localize to centrosomes, mitotic spindles, and the
tandem spindles during female meiosis Il. Furthermore, BicD is required to correctly
localize clathrin and the microtubule-stabilizing factors, D-TACC and Msps, to the meiosis 11
spindles, suggesting that failure to localize these proteins may perturb SAC function.

Furthermore, right after the establishment of the female pronucleus, D-TACC and C.
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elegans BicD, tacc, and Chc are also needed for pronuclear fusion, pointing to the possibility

that the underlying mechanism might be more widely used.

INTRODUCTION

Encoded by a single gene, the Drosophila BicD protein is part of a family of
evolutionarily conserved dynein adaptors responsible for the transport of different cargoes
along microtubules (Vazquez-Pianzola et al., 2016; Hoogenraad and Akhmanova, 2016;
Vazquez-Pianzola and Suter, 2012). The founding member of this protein family, Drosophila
BicD, was identified because of its essential role during oogenesis and embryo development
where it transports mMRNAs which control polarity and cell fate (Bullock and Ish-Horowicz,
2001; Suter and Steward, 1991; Suter et al., 1989; Wharton and Struhl, 1989). This process is
mediated by its binding to the RNA-binding protein Egalitarian (Egl) (Dienstbier et al., 2009;
Mach and Lehmann, 1997). Since then, BicD and its orthologs have been shown to control a
diverse group of microtubule transport processes through binding to different cargoes or
adaptor proteins (Hoogenraad and Akhmanova, 2016; VVazquez-Pianzola and Suter, 2012).

BicD can alternatively bind to Chc and this interaction facilitates Chc transport of
recycling vesicles at the neuromuscular junctions and regulates endocytosis and the assembly
of the pole plasm during oogenesis (Li et al., 2010; Vazquez-Pianzola et al., 2014). The best-
known function of Chc is in receptor-mediated endocytosis as part of clathrin, a trimeric
scaffold protein (called triskelion), composed of three Chc and three Clathrin light chains (Clc)
(Brodsky, 2012). Aside from this, clathrin was shown to localize to mitotic spindles in
mammalian and Xenopus cells (Fu et al., 2010; Royle et al., 2005) and to possess a non-
canonical activity by stabilizing the spindle microtubules during mitosis (Royle, 2012). This
function depends on clathrin trimerization and its interaction with Aurora A-phosphorylated
Transforming Acidic Coiled-Coil protein 3 (TACC3) and the protein product of the colonic
hepatic Tumor Overexpressed Gene (ch-TOG) (Booth et al., 2011; Fu et al., 2010; Lin et al.,
2010; Royle and Lagnado, 2006; Royle et al., 2005). This heterotrimer forms inter

microtubule bridges between Kinetochore-fibers (K-fibers), stabilizing these fibers and
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promoting chromosome congression (Booth et al., 2011; Royle et al., 2005). More recently,
TACC3 and a mammalian homolog of Chc (CHC17) were shown to control the formation of
a new liguid-like spindle domain (LISD) that promotes the assembly of acentrosomal
mammalian oocyte spindles (So et al., 2019).

In order to transport its cargos along MTs, BicD interacts with the dynein/dynactin
motor complex, a minus-end-directed microtubule motor. This complex is involved in
different cellular processes including intracellular trafficking of proteins and RNAs, organelle
positioning and microtubule organization, some of them requiring BicD, too. The
dynein/dynactin complex plays also essential roles during cell division where it is required for
centrosome separation, chromosome movements, spindle organization and positioning, and
mitotic checkpoint silencing (Raaijmakers and Medema, 2014).

As Drosophila BicD forms complexes with Chc and Dynein, both of which, as
described before, perform essential activities during mitosis, we set out to investigate
possible BicD functions during cell division. Reducing BicD protein levels by specific
protein-targeted degradation in freshly laid eggs revealed that BicD is essential for pronuclear
fusion. In addition, it is required for metaphase arrest of the female meiotic products after
meiosis Il completion. This activity seems mediated by BicD's role in localizing the spindle
assembly checkpoint (SAC) components. Furthermore, BicD interacts with its cargo protein,
Chc, and they both localize to the mitotic spindles and centrosomes and the female tandem
meiotic Il spindles. In addition, BicD localizes D-TACC, clathrin, and Msps (ch-TOG
homolog) to the meiosis Il spindles. The failure to properly localize these proteins might also
contribute to the SAC function defects observed in embryos with reduced BicD levels. D-
TACC and C. elegans bicd-1, tac-1, and chc-1 are also needed after fertilization for
pronuclear fusion, revealing an evolutionary conserved and essential role of these proteins for
early zygote formation and suggesting that their mechanism of action on MTs might be

widely used.
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RESULTS

BicD and its cargo clathrin localize to centrosomes and spindles during mitosis and
tandem spindles in meiosis 11

Completion of female meiosis and the first mitotic cycles depend on correct spindle formation
in the egg and the developing embryo. Inactivation of maternally expressed genes which
provide all the proteins that control these first divisions leads either to maternal effect
lethality or female sterility. Indeed, BicD loss-of-function mutants are female sterile because
they do not produce oocytes (Ran et al., 1994) which is an obstacle to studying the role
of BicD in the maternally controlled early embryonic mitotic divisions. Our laboratory has
developed the BicD™" females, a method to overcome BicD mutant female sterility (Swan
and Suter, 1996). BicD™" females provide BicD from an inducible promoter that can be
turned off once oocyte fate is established. Around 3-4 days after shutting
down BicD, BicD™" ovaries contain egg chambers devoid of BicD, and few of them develop
into eggs (Swan and Suter, 1996; Vazquez-Pianzola et al., 2014). Using this strategy, we
observed that the eggs laid by BicD™" females did not develop but were arrested during stage
1 with phenotypes that required a more detailed analysis (see below) (Fig. S1A and SM1-4).
These results suggest that BicD is also essential downstream of oocyte differentiation to
complete meiosis and progress through the early mitotic divisions.

We analyzed BicD localization during mitosis in methanol-fixed embryos. Methanol
fixation dissolves the cytosolic pool of BicD, making insoluble pools of the protein more
apparent. Surprisingly, during the syncytial divisions, BicD was detected on the centrosomes
where it colocalized with the pericentrosomal marker centrosomin (Cnn) and along the
mitotic spindles (Fig. 1A,ab, Fig. S1B). During cellularization, BicD was additionally
enriched at the plasma membrane (Fig. 1Ac). We additionally analyzed embryos expressing
BicD::GFP. Both staining patterns were highly similar (Fig. S1C), confirming the specificity

of the BicD antibody.
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The first spindles observed in freshly laid eggs are the female meiotic Il tandem
spindles. However, assessing BicD localization in these eggs was challenging because of the
high levels of BicD in the cytoplasm. A specific BicD signal was observed using anti-BicD
antibodies, but its level was the same in the meiotic spindle region as in the cytoplasm (Fig.
S1D). Using an anti-GFP antibody in BicD::GFP, BicD™" eggs detected BicD presence at the
meiotic spindle more clearly. BicD::GFP was enriched above cytoplasmic levels on the
meiotic tandem spindles and the central aster (Fig. 1B,B’, Fig. S1E).

We conclude that BicD associates with the mitotic spindles and the centrosomal
region during mitosis and with the tandem spindles and the central aster during female
meiosis Il. Furthermore, mammalian BicD1 and BicD2 are present at the centrosomes in
mammalian cells (Fumoto et al., 2006). Therefore, our data suggest that BicD might play a yet

unidentified but evolutionarily conserved role at the mitotic/meiotic spindles.

deGradFP knockdown of BicD::GFP reveals a novel, essential role for BicD during
early embryogenesis

mom

The number of eggs laid by Bic flies was too small for phenotypic analyses. Thus, we
designed a strategy to knock down the BicD protein directly in young embryos (stage 1) using
the deGradFP technique (degrade Green Fluorescent Protein), a method to target GFP-fusion
proteins for destruction or inactivation (Caussinus et al., 2011). We took advantage of the
functional, genomic BicD::GFP construct (Paré and Suter, 2000). Additionally, we
constructed a deGradFP system specifically active during embryogenesis but not oogenesis.
We expressed the deGradFP (NSImb-vhhGFP4) from a hunchback (hb) minimal maternal
promoter coupled with the bcd 3°-UTR (Fig. 2A). The #b promoter is active during late
oogenesis such that the deGradFFP mRNA will be loaded into eggs and embryos (Fig. 2A”).
The bed 3° UTR promotes mRNA localization to the anterior pole of the oocyte and egg. It
also allows translation only upon egg activation in freshly laid eggs, which occurs when

Metaphase 1 (MI) Stage 14 (S14) eggs chambers pass through the oviduct (Berleth et al.,

1988; Driever and Niisslein-Volhard, 1988; Sallés et al., 1994). We refer to this construct
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as hb-deGradFP. We corroborated the enrichment of the deGradFP mRNA in the anterior
region of the embryo from egg-laying until before cellularization (Fig. 2B). Immunostaining
experiments to detect hb-deGradF P expression revealed that the Vhh-GFP was distributed
throughout the embryo and did not form an A-P gradient (Fig. 2C). Thus, the deGradFP
seems to be stable and can move/diffuse to the rest of the embryo. Therefore, our new /b-
deGradFP tool should be useful to degrade GFP fusion proteins in entire young embryos.
BicD::GFP rescues the sterility phenotype and the embryonic developmental arrest
of BicD loss-of-function mutants (BicD::GFP, BicD™"homozygous females) (Paré and Suter,
2000) (Fig. 2D-E). However, when these females expressed two copies of the hb-
deGradFP construct (BicD::GFP, BicD""; hb-deGradFP homozygous females), 75% of their
progeny failed to develop into late embryonic stages and did not hatch into larvae. Instead,
eggs and embryos mostly arrest in meiosis or the first mitotic divisions as observed in
embryos laid by BicD"" females (Fig. 2D,E,H, SM5-7). In the following, we will refer to this

progeny and their mothers as BicD"" ¢ “¢FF

. Most embryos laid by females that expressed
two  copies of the hb-deGradFP,but also a  wild-type BicD" (BicD::GFP,
BicD™"/+(CyO); hb-deGradFP), develop normally, indicating that high levels of Ab-
deGradFP expression are not deleterious for development on their own (Fig. 2D-E). BicD"”
deGradfP fomales have phenotypically wild-type ovaries that express normal BicD::GFP protein
levels (Fig. 2F-G), confirming that the hb-deGradFP construct is not active during oogenesis.

In contrast, in young BicD"" %"

embryos, the BicD::GFP signal was reduced in the entire
embryo (Fig. 2H), and BicD::GFP protein levels were downregulated by 50% (Fig. 2I).
BicD::GFP is expressed at levels comparable to the wild-type BicD protein (Fig. S2A).
However, a 50% reduction in the levels of BicD::GFP protein detected by WB produces
already visible phenotypes. In comparison, eggs from heterozygous females (BicD™"/+) that
also have a 50% reduction of BicD compared to wild-type embryos (Fig S2A) develop
normally (97.3 £1.03 % embryos hatched into larvae). Although alternative explanations for

these differences are possible, we think that the deGradFP might bind BicD::GFP,

functionally inactivating the protein before sending it to degradation.
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As intended, the deGradFP protein was highly expressed in young embryos, although
low protein levels were detected in ovaries (Fig. 2G,I; Fig. S3A). Although we cannot rule out
that some S14 oocytes are physically activated during dissection, it is also possible that
the bcd 3°-UTR sequence is not sufficient to fully control translation in the context of the
minimal maternal 4 promoter and its 5’-UTR. Even though, BicD is also present at the MI
spindles in S14 oocytes (Fig. S3B), BicD"*““*7S14 oocytes displayed no evident
problems in spindle formation or chromosome alignment in meiotic metaphase I (Fig. S3C-
D). This suggests that the early embryonic arrest observed in BicD" " individuals is not

due to earlier meiotic defects during late oogenesis.

BicD is required for the cell cycle arrest of the male and the female meiotic products and
for pronuclear fusion

To learn more about the novel BicD function in the earliest phase of embryonic development
and to pinpoint the developmental stage, we collected fully viable control embryos
and BicD" %" embryos over a 30 min period, let them develop for another 30 min (30-60
min old collections) and analyzed them for developmental defects (Fig. 3A). Twenty-five
minutes after eggs laying, control embryos finished the 2™ mitotic division and contained at
least four zygotic nuclei. At this early stage, normal zygotic nuclei reside in the interior of the
embryo, and the three remaining female meiotic polar body products (mostly fused into one
or two rosette-shaped nuclei) reside at the embryonic surface. Indeed, most embryos laid by
control mothers  (BicD::GFP,  BicD™'or BicD::GFP, BicD™'/ + (CyO); hb-
deGradFP) developed normally, displaying more than four zygotic nuclei with wild-type

D"-deGradfP mothers were

looking mitotic spindles (Fig. 3A-B). However, embryos laid by Bic
arrested mostly at earlier stages, displaying abnormal spindle-like structures (Fig. 3A, C).
Even though they contained mainly centrally located dividing nuclei, around 25% of these
embryos were classified as “arrested with centrosomes” because they were positive for Cnn

staining (Fig. 3A, example in Fig 3Ca). In this category, we found embryos that contained at

least one spindle displaying clear and sometimes fragmented staining for the centrosomal
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marker centrosomin (Cnn) at the spindle poles. Additionally, they frequently displayed “free
centrosomes” marked by Cnn signals associated with o-tubulin but without a complete
spindle and DNA (Fig. 3Cal). Embryos showing acentrosomal spindles but containing free
centrosomes were also scored into this category. Another 35% of the BicD"™ ¢ embryos
possessed one or more internal acentrosomal spindles that were negative for Cnn staining.
These were classified as “arrested, acentrosomal” (Fig. 3A, Cb).

Consistent with the fact that centrosomes are inherited from the father, embryos
arrested and classified as “arrested with centrosomes” were mostly marked by the presence of
the sperm tail (Fig. S4A-B). In contrast, embryos displaying “acentrosomal”-like spindles and
no free centrosomes rarely showed any of these sperm tail markers, indicating that they more
likely represent unfertilized eggs with aberrant meiotic products (Fig. S4A-B). We then
analyzed the phenotype of arrested fertilized BicD"™ %" eggs in more detail by detecting
the presence of the X and Y chromosomes. Male embryos (marked by the presence of the Y)
develop only from fertilized eggs. Male embryos from control mothers showed one dot-like
signal for the X chromosome and one signal for the Y in each zygotic nucleus, and these
nuclei were in the interior of the embryo (Fig. 3D2). The three polar bodies, formed after the
two meiotic divisions, normally fused into a single polar body marked by the presence of the
3 X chromosomes (Fig. 3D1). In contrast, all arrested male embryos laid by BicD™
deGradFP females had at least one internal spindle marked only by the presence of the Y
chromosome and no X chromosome signal (Fig. 3E-G). This pattern indicates that pronuclear
fusion failed to occur and that a spindle still formed from the paternal pronucleus (Fig. 3E-G).
In most of these embryos, the male pronucleus underwent only one additional round of
replication since two dots of the Y chromosome signhal can be observed in the internal
metaphase spindle (70%, Fig. 3E3). Embryos with more than one paternal spindle and many
Y chromosome signals were also observed at a lower frequency (30%, Fig 3F2-3,G4-6).
Independent of the rounds of replication observed in the parental pronucleus, arrested BicD™

4eGradFP ambryos also contained one or several acentrosomal nuclei marked frequently by
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several dots of X chromosomal signal (example in Fig. 3E1-2, 3F1, 3G1-4). This suggests
that in these BicD"™®¢"¥ embryos the female meiotic products did not arrest in metaphase I
as they normally do but underwent several cycles of DNA replication instead . These results
show that BicD is required for the cell cycle arrest of the female and male pronuclei and for
pronuclear fusion. Similar phenotypes were observed in eggs laid by females,
where BicD copies were further reduced by expressing a single copy of the BicD::GFP rescue
construct (Fig. S5), suggesting that the replication of the meiotic products can take place in
the absence of most functional BicD. However, these females were unhealthy and died shortly
after eclosing or during the first week. During this time, they did not lay sufficient eggs for a
complete phenotype analysis. Since the deGradFP only knocks down part of the BicD::GFP

Dhb—deGradFP

pool, the phenotypes we observed in Bic embryos and analyzed in detail in this

work are likely to resemble a hypomorphic rather than a null condition for BicD.

BicD is needed for replication arrest of the polar bodies and their rosette formation

To test for a direct role of BicD in the female meiosis 11, we crossed control and BicD™
9eGradfP fomales to sterile XO males, causing them to lay unfertilized eggs (Fig. 4). In
unfertilized wild-type eggs, egg activation is triggered by passage through the oviduct, and
this causes the eggs to complete meiosis Il. We observed 1 to 4 rosette-like nuclei in
collections of unfertilized control eggs. These represent intermediate stages of the fusion
process of the four meiotic products, which ultimately fused to form a single, rosette-shaped
nucleus indicating that eggs completed meiosis Il. These rosette-shaped nuclei were marked
by a total of 4 dots of X-chromosomal signal per egg, which arise from each of the four
meiotic products (Fig. 4A, examples in Fig. 4B). In contrast, BicD"™®¢"¥" ynfertilized eggs
contained one to several nuclei forming spindle-like structures, mostly with the appearance of
multipolar spindles (Fig. 4A,C). Additionally, their chromosomes did not create a rosette
structure that would be typical for a metaphase arrested state. Instead, these nuclei displayed

partially decondensed chromatin, an irregular shape, and they lacked the a-tubulin staining
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ring surrounding the DNA rosette in control eggs (Fig. 4A,C). Furthermore, the X-
chromosomal probe produced more than the usual four signal dots per egg in eggs containing
only one meiotic product (Fig. 4Cc) and eggs containing several meiotic products and
spindles (Fig. 4Cc’). We also observed eggs with more than four meiotic products (like in
Fig. 4Cc), indicating that BicD"™®¢"¥ eggs show over-replication of the meiotic products.
The probe used for the FISH experiments recognizes a repetitive region on the X
chromosome present along 3 to 3.5 Mb. The fact that this probe detected more than four
signals in each BicD" """ eqqg and that these signals showed different brightness and sizes
might also suggest that the DNA has become fragmented and/or more decondensed and did
not arrest in a metaphase-like state as in the typical rosette structures. This replication,
decondensation, and/or fragmentation of the meiotic DNA was not restricted to the sex
chromosomes because we observed analogously additional signals when using a probe for the
2nd chromosome (Fig. S6). Altogether, these results indicate that BicD is required for both
the replication arrest and the formation of the typical rosette-like structures of the polar

bodies.

Role of BicD in SAC and metaphase arrest of female meiotic products

After meiosis Il completion, Drosophila polar bodies remain arrested in a metaphase-like
state. In wild-type unfertilized eggs, the four meiotic products fused into a single rosette
showed a strong signal for the mitotic marker Phospho-Histone 3 (PH3) along the entire
chromosomes indicating that they were arrested in a metaphase-like state (Fig. 4Da-Ea). In

contrast, in BiCDhb—deGradFP

eggs showing one rosette-like structure, indicative of meiosis
completion, the PH3 staining was not localized along the entire chromosomes but only
enriched at the rosette central region where most of the centromeres are observed (Fig. 4Db-
Eb). Moreover, their rosette-like structures showed an increased number of CID-positive dots

suggesting that female meiotic products underwent extra rounds of replication/endoreplication

(compare Fig. 4Da with 4Db).
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Rosette-like structures in BicD™ ¢ eggs did not form the typical tubulin ring
surrounding the chromosomes observed in wild-type eggs,. Interestingly, DNA extended
beyond this tubulin ring and was negative for PH3 staining (Fig. 4Ea, b, c). In the normal
situation, Histone H3 phosphorylation starts in pericentromeric heterochromatin regions at the
onset of mitosis. It then spreads along the entire length of chromosomal arms, reaching its
maximal abundance during metaphase followed by a rapid decrease upon transition to
anaphase (Sawicka and Seiser, 2012). Thus, PH3 staining confined to the pericentromeric

Dhb—deGrad FP

region in Bic polar bodies suggests that these nuclei are not properly arrested or are

released from metaphase arrest. Furthermore, BicD" ¢

eggs possessing several meiotic
products (Fig. 4Ec,c’) showed that not all these nuclei were positive for PH3 staining (Fig.
4Ec2-3,¢’), further strengthening the idea that these nuclei are over-replicating due to a failure
to arrest in metaphase.

The metaphase arrest of polar bodies depends on the spindle assembly checkpoint
(SAC) pathway activation (Défachelles et al., 2015; Fischer et al., 2004; Pérez-Mongiovi et
al., 2005). We, therefore, analyzed the localization of two well-conserved orthologs of the
SAC pathway, BubR1 and Mad2 (Fig. 5). These proteins associate with unattached
kinetochores and, in the case of BubR1, also to kinetochores lacking tension. Because they
inhibit the anaphase-promoting complex (APC/C), they are essential to maintain the
metaphase arrest. BubR1 was present at polar body kinetochores in the wild-type (100%,
n=23) and control BicD::GFP rescued eggs (93%, n=27) (Fig. 5Aa). However, in 43% of
the BicD" ¢ eqgs, the meiotic products failed to recruit BubR1 to the kinetochores
(n=35). The absence of BubR1 from the polar body kinetochores was observed in eggs where
polar bodies were fused into a single rosette (Fig. 5Ab) and in eggs showing many additional
meiotic products (Fig. 5Ad, d’). The rest of the BicD"™ % eqgs showed either normal
BubR1 recruitment (40%) or only a weak signal for kinetochore BubR1 (17%, Fig. 5Ac).
Similar results were obtained for Mad2, where 69% of the BicD" %% eqgs analyzed did

not show recruitment of Mad2 to the polar bodies (n=48; Fig. 5B). These data indicate that

the failure to activate or maintain the metaphase arrest of polar bodies in the absence of BicD
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is probably due to a failure to recruit the SAC components to the kinetochores or maintain
their association. That half of the polar bodies still recruited SAC components might also
suggest that these nuclei are cycling in and out of the metaphase arrest, duplicating their
chromosomes. Altogether, these results suggest that in BicD™®¢™" P eqgs, the meiotic I

products do not correctly arrest in metaphase due to a failure to activate or maintain the SAC.

The BicD cargo and MT-stabilizing factor Chc localizes, like BicD, to centrosomes and
mitotic and meiotic spindles

SAC function is disturb when spindle MT stability is perturbed. Since BicD
transports Drosophila Chc (Li et al., 2010; Vazquez-Pianzola et al., 2014) and vertebrate
orthologs of this protein are needed to stabilize the mitotic MTs (Fu et al., 2010; Royle et al.,
2005), we analyzed Chc localization in Drosophila embryos. Because available antibodies
against Chc do not work well for immunostaining (Li et al., 2010), we analyzed the
expression of the Chc using tagged yet functional, Chc fusions (Vazquez-Pianzola et al.,
2014). Chc, like BicD, was enriched at the centrosomes and pericentrosomal regions during
the entire cell cycle (Fig. 6A-B, STA-C). During mitosis, Chc associates with the mitotic
spindles (Fig. 6A-B, S7B-C). Moreover, similar to BicD, Chc was also enriched during
cellularization near the plasma membrane between the nuclei, probably marking the sites
where endocytic vesicles start to form (Fig. 6A, S7B) (Sokac and Wieschaus,
2008). Drosophila Clathrin light chain (Clc) shows a similar localization pattern during
embryogenesis (Fig. S7D). Thus, the Chc/Clc complex localization to the mitotic apparatus
appears to be conserved between Drosophila and mammalian cells (Royle et al., 2005). Chc
was not only present at the mitotic spindles but also localized, like BicD, to the female

meiotic Il tandem spindles and the central aster (Fig. 6C).
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Proper localization of D-TACC, Msps, and Clc at tandem meiotic spindles requires
BicD

We focused on the early stages of meiosis Il in eggs just released from the MI arrest to
pinpoint the first meiotic defects. Unfortunately, localization of tagged Chc was
irreproducible due to the high cytoplasmic signal. Moreover, overexpressing a tagged Chc in
the BicD" " hackground reduced the flies® viability and fertility, preventing us from
collecting enough embryos to analyze the meiotic spindles. Because the Chc partner Clc is
also present at the mitotic spindles together with Chc (Fig. S7D), we followed Clc
localization during meiosis Il. Clc localized to the female MII tandem spindles and the central
aster (Fig. 7A). Additionally, we detected an unusual, strong accumulation of Clc at the

central aster relative to the levels observed along the MII spindles in BicD™ ¢4

compared
to control spindles (Fig. 7A, A’). We then followed the localization of D-TACC and Msps
(Mini spindles) because the spindle localization of their mammalian homologs is
interdependent with Chc (Royle, 2012; Royle et al., 2005). In wild-type MII and anaphase 11
(AIl) spindles, D-TACC and Msps were present on tandem spindles and enriched at the
central aster (Fig. 7B, C). Additionally, D-TACC is weakly enriched at the spindle equator
where the MT plus ends are located during metaphase Il and anaphase Il (Fig. 7B, arrows).
On the other hand, Msps was enriched along both arms of the tandem spindles but stained
more strongly the minus ends at the spindle poles (Fig. 7C, arrows). In BicD™
4eGradFP ambryos, D-TACC and Msps localization along the tandem spindles was reduced
compared to the control spindles (Fig. 7B, C). However, like in control spindles, D-TACC
and Msps still showed enrichment at the central aster in BicD" %" embryos (Fig. 7B, C).
Accordingly, the signal intensity for D-TACC and Msps along the most superficial tandem
spindle relative to the signal intensity observed in the central aster was significantly reduced
in BicD"™ %€ P MIT spindles (Fig 7B’, C*).

As a more direct approach to finding out if reduced BicD levels affect Chc

localization, we analyzed the spindles of eggs laid by BicD::GFP, BicD™" females that

expressed only one copy of the hb-deGradFP construct. In the background of this
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combination, which does not produce a phenotype on its own, we overexpressed
Chc::mCherry. Eggs produced by such mothers did not develop and showed similar abnormal

meiotic products as the ones observed in BicD"%CRadF?

eggs (see below, Fig. 8D, F). In
addition, we detected a mild reduction of the Chc::mCherry signal at the spindle compared to
the signal in the central aster (Fig. S8A, A’). These results suggest that BicD is needed to
properly localize clathrin, D-TACC, and Msps along the meiotic Il spindles.

The central aster is a disk-shaped structure that forms anon-
centrosomal microtubule organizing center (ncMTOC) that produces astral MTs and contains
several centrosomal proteins. To better understand how the MT polarity at the meiotic tandem
spindle relates to the localization of the Clathrin/D-TACC/Msps complex, we stained eggs for
minus and plus-end MT markers. These stainings revealed that both plus (Pav, Clip190, EB1)
and minus-end (Asp) MT markers are present at the central aster (Fig. S8B-C), suggesting
that MTs with different orientations could be present at the central aster. Asp is also enriched
at each meiotic spindle’s ends (Fig. S8B). The plus end markers were distributed more evenly
along the tandem spindle MTs, and only Clip190 was slightly enriched near the DNA region
(Fig. S8C). Since TACC and Msps orthologs are MT plus-end tracking proteins (Gutiérrez-
Caballero et al., 2015; Lucaj et al., 2015; Nwagbara et al., 2014; Rutherford et al., 2016) and
D-TACC is present at the centrosomes (Barros et al., 2005; Lee et al., 2001), this could
explain why localization of Clathrin, TACC, Msps is less affected in the central aster. It
further suggests that BicD might be needed to stabilize or transport them along the spindles.
However, studying the dynamic movement of these proteins along the meiotic tandem spindle
is challenging. Chc::mCherry signals, although present all along the spindles, show a diffuse
pattern, and we could not detect traceable particles along either the mitotic spindles or the
arrested meiotic spindles in BicD"™*¢"*"and control eggs (SM5-7). We could, however,
detect Chc::mCherry particles or motile structures that moved along linear tracks resembling
MTs during mitosis (Fig S9A. and SM8-9). Although only “escaper” BicD"™%¢™" gggs
make it to the mitotic division of the young embryo (because of the requirement for BicD for

pronuclear migration and fusion), the net displacement and velocity of the Chc::mCherry
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particles detected in BicD"™*¢"™¥" embryos was reduced compared to the particles we could
track in control embryos (Fig. S9B-D). The Chc particles we detected are rather large and
resemble the Chc motile structures reported to move in a BicD-dependent manner in synaptic
boutons and within the oocyte (Li et al., 2010; Vazquez-Pianzola et al., 2014). Smaller Chc-
positive particles may also be subjected to transport along the spindles, but these are below
the detection limit. These results suggest that BicD is required to move Chc positive

structures in linear tracks during mitosis.

Chc binds with the same domain to D-TACC and BicD, and D-TACC expression
increases the BicD/Chc interaction

In mammals, Chc interacts directly with TACC3, and the interaction depends on the
phosphorylation of Ser>*? of TACC3 by Aurora A (Fu et al., 2010; Lin et al., 2010). Since D-
TACC and clathrin fail to properly localize on BicD"™ ¢ M| spindles, we investigated
whether the Drosophila homologs of these proteins can interact with each other and with
BicD using a yeast 2-hybrid (Y2H) assay and co-immunoprecipitation experiments (Fig. 8A-
B). Indeed, full-length Drosophila Chc interacted with D-TACC in both assays.

The minimal region of mammalian isoform Chc22 that interacts with TACC3 spans
amino acids 331-542 (Lin et al., 2010). Whereas the corresponding part of Drosophila Chc®*
>2did not interact with D-TACC in our assays (Fig. 8A), this region with a C-term extension
(Chc®™®%) interacted with D-TACC almost as strongly as the full-length protein (Fig. 8A).
Chc®**2as also unable to bind BicD (Fig. S10A), but Chc**® contains the minimal BicD
binding region (Li et al., 2010) (Fig. S10B). Furthermore, chc®*®® interacted in our assays
with the BicD CTD (C-terminal domain), a truncated version of BicD that interacts stronger

with its cargoes because it does not contain the BicD fold-back domain (Fig. S10B) (Li et al.,

2010).
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The Chc interaction with D-TACC was not abolished when the conserved Ser residue
targeted by the Aurora A kinase was mutated to Alanine (Ser®® in D-TACC, corresponds to
Ser™ of the human protein, Fig. 8A, Fig. S10C). Nevertheless, the phosphomimetic
substitution Ser®*>Asp in D-TACC increased its interaction with full-length Chc (Fig. S10C).

These results suggest that phosphorylation of Ser®®

may not be a prerequisite for the
interaction of full-length D-TACC with Chc, at least in the Y2H system. Still, it could
enhance the interaction during mitosis and meiosis when the kinase is active.

The interaction of D-TACC with full-length Chc was observed under very stringent
Y2H conditions (medium -L, -W, -H, -a; Fig. S10C). In contrast, the interaction between Chc
and BicD was only visible under less stringent conditions (medium -L, -W, -H +3 mM 3AT;
Fig. S10A, (Cagney et al., 2000)), suggesting that Chc interacts stronger with D-TACC than
with BicD in this system. Immunoprecipitation experiments using embryo extracts expressing
a Myc::Chc fusion protein aslo supports this hypothesis. Myc::Chc was observed at low levels
in BicD Ips. In contrast, the presence of BicD was not detected in the reverse Ips (with anti-
Myc antibodies) as previously reported (Fig. 8B) (Vazquez-Pianzola et al., 2014). This result
is conceivable due to their weak interaction or the Myc tag interfering with the binding sites.
Similarly, BicD antibodies also immunoprecipitated a Flag-tagged version of Chc (Fig. S11).
In contrast, D-TACC strongly co-immunoprecipitated with Myc::Chc. On the other hand, no
interaction was observed between D-TACC and BicD either by IP or in the Y2H system (Fig.
8B, S10D, S11).

Because we found that D-TACC and BicD bind to the same sequences in the Chc
Ankle domain, Chc/BicD, and Chc/D-TACC might only exist as mutually exclusive protein
complexes. We then tested if the interaction between BicD-CTD and Chc can be outcompeted
in yeast cells by coexpressing D-TACC (Fig 8C). The contrary was the case. The interaction
between the BicD-CTD and Chc increased when D-TACC was also co-expressed in yeast
cells (Fig 8C). Because Chc acts typically as a triskelion, higher-order complexes of the three
Chc molecules could theoretically contain BicD or D-TACC, or both (see models in Fig.

8Cc’,c”). The presence of D-TACC might increase the formation or stability of this ternary
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complex, bringing additional molecules of BD/AD close together to upregulate the Gal4

promoter in the Y2H system.

High levels of Chc and D-TACC enhance the embryonic arrest phenotype of BicD™-
4eGradF? embryos

BicD::GFP, BicD™" females, expressing only one copy of the hb-
deGradFP construct (BicD::GFP, BicD™"; hb-deGradFP-bcd 3°UTR/+) laid embryos that
showed a reduction of BicD::GFP levels of only 30% on WBs (Fig. S2B-C) and mainly
developed normally and hatched into larvae (Fig. 2D-E, 8D). However, when these females
expressed an aditional copy of a Chc or D-TACC transgene, 80-95% of their progeny failed
to hatch as larvae. Instead, they arrested with the same abnormal nuclei phenotype observed
in BicD" " embryos (Fig. 8D-G, Fig. S12). Overexpressing Chc or D-TACC alone in
females expressing a wild-type copy of BicD did not produce visible phenotypes in their
embryos, suggesting that high levels of either Chc or D-TACC in a BicD-reduced background

are responsible for the phenotypes. Moreover, these embryos showed the same early arrest

phenotypes observed in BicD™*¢"*” embryos (Fig. 8E-G, Fig. S12).

Like BicD, d-tacc is required for pronuclear fusion and cell cycle arrest of the male
pronucleus and the female meiotic products

d-tacc® mutant mothers lay eggs with reduced D-TACC protein levels, and most of these
embryos fail to develop (Gergely et al., 2000). Of the male progeny laid by d-tacc'/
Df(3R)110 females, only 25.8% showed signals for the X and Y chromosomes in each zygotic
nuclei, indicating that they had performed pronuclear fusion (Fig. S13A). Most of them
(74.2%) had at least one internal nucleus marked for the Y chromosome and no X-
chromosomal signal (Fig. S13B-D), showing that in d-tacc* embryos, pronuclear fusion is
strongly compromised. Of these embryos that did not perform pronuclear fusion, 30.4%
showed normal cell cycle arrest of the female and male meiotic products (Fig. S13B). In

47.85% (Fig. S13C), the paternal pronucleus underwent additional divisions with no over-
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replication of the female meiotic products. Only 21.7% d-taccl showed replication of the
female meiotic and male derived nuclei (Fig. S13D). The lower penetrance of this female

meiosis phenotype than the one observed in BicD"™ "

eggs (70% of the arrested eggs)
could be because d-tacc' embryos produce sufficient levels of D-TACC to rescue the female
meiosis phenotype (Gergely et al., 2000). Therefore, BicD and D-TACC are required for
pronuclear fusion and metaphase arrest of the male pronucleus and the female meiotic
products. We also observed abnormal meiosis with delayed polar body extrusion in eggs
from C. elegans worms fed with bacteria expressing dsRNA against tac-1 (Fig. 9). Moreover,
pointing to a conserved role for these proteins in pronuclear fusion, we found that eggs from

worms fed with dsRNA against bicd-1, chc-1, and tac-1 did not undergo pronuclear fusion

either (Fig. 9).

DISCUSSION

A useful strategy to study the effect of lethal or female sterile mutations in early
embryogenesis reveals that BicD is required for meiosis Il and pronuclear fusion

We found that BicD localizes to the female tandem spindles and the central aster during
meiosis 1. After fertilization, BicD also localizes to the mitotic spindles and the
centrosomes. BicD™" mutants rarely survive and are sterile, but we generated embryos with
reduced levels of BicD at the beginning of embryogenesis (BicD"™*¢"**" embryos) by setting
up a strategy based on the deGDradFP technique. Consistent with BicD localization at the
female meiotic 11 spindles, we discovered that BicD"™®¢"™ embryos arrest development
displaying aberrant meiotic products and no pronuclear fusion. Especially if combined with
the CRIPSP-Cas9 strategy first to produce functional GFP tagged proteins of interest, the
construct designed in this paper could be helpful to study the role of female-sterile and lethal

mutations during very early embryonic development (Nag et al., 2018).
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Connecting BicD to the SAC pathway

In unfertilized BicD"™ %" eqgs, the female meiotic products were not arrested in
metaphase as it normally happens. Instead, they underwent additional rounds of replication.
They failed to recruit or maintain the recruitment of the SAC pathway components BubR1
and Mad2, which are normally present at the kinetochores in the wild-type female meiotic
polar bodies. Interestingly, in Drosophila mutants for Rod, mps1, and BubR1, well-conserved
orthologs of the SAC pathway, the polar bodies cannot remain in a SAC-dependent
metaphase-like state and decondense their chromatin, too (Défachelles et al., 2015; Fischer et
al., 2004; Pérez-Mongiovi et al., 2005). Furthermore, in these mutants, the polar bodies cycle
in and out of M-phase, replicating their chromosomes similarly to those in BicD™
deGradfP aggs. Thus, it appears that BicD functions to localize the SAC components to induce
and/or maintain the metaphase arrest of the polar bodies. Several mechanisms could explain
the failure to maintain SAC activation observed in BicD" %" embryos. BicD might be
needed to recruit the SAC components to kinetochores directly. On the other hand, during
mitosis, the RZZ complex (Rod—Zw10-Zwilch) binds to the outer kinetochore region and
recruits Mad2, Spindly, and the dynactin complex. Spindly and dynactin act cooperatively to
recruit dynein, which then transports the SAC components along the microtubules away from
kinetochores as a mechanism to trigger checkpoint silencing and anaphase onset (Basto et al.,
2004; Howell et al., 2001; Wojcik et al., 2001; Griffis et al., 2007). Since BicD N-terminal
domain binds Dynein and dynactin and promotes their interaction (Splinter et al., 2012), it is
also possible that BicD helps to move the SAC components away from the kinetochores. If
this does not happen, the SAC remains persistently activated. We also find that BicD activity
in BicD™ €™ embryos is insufficient to localize clathrin, TACC, and Msps efficiently
along the MTs of the spindle. During mitosis, impairment of MT motors, such as dynein, and
treatments that prevent the TACC/ clathrin complex from binding to the mitotic spindles and
affecting K-fiber stability, persistently activate the SAC, too (Rieder and Maiato, 2004; Royle
et al., 2005). Thus, reduced levels of BicD in BicD"™*%™" embryos could additionally

trigger SAC hyperactivation through its role in stabilizing the K-fibers. Although our data

-+
Q.
=
(O]
wn
>
C
©
£
©
()
-+
Q.
(O]
(O]
(O]
<
°
)
C
()
£
Q.
o
()
>
()
o



strongly suggest that the lack of BicD contributes to SAC defects through its role in localizing
Clathrin, D-TACC, and Msps, further work is needed to elucidate if BicD also acts more
directly by biding to and localizing the SAC components, or indirectly by affecting the
function of dynein.

Whereas persistent SAC activation leads to metaphase arrest and delayed meiosis (D-
Meiosis), at least during mitosis, this delay is known to be rarely permanent. Most cells that
cannot satisfy the SAC ultimately escape D-mitosis and enter G1 as tetraploid cells by a
poorly understood mechanism (Rieder and Maiato, 2004). It is possible that in BicD"™ ¢,
the SAC pathway is constantly activated, delaying meiosis. However, at one point, the nuclei
might escape the metaphase Il arrest, cycling in and out of M-phase, thereby replicating their
chromosomes and de-condensing their chromatin. The fact that female meiotic products
overreplicate in BicD" ¢ eggs show no or only pericentromeric PH3 staining supports
the notion that these nuclei are on an in-out metaphase arrest phase. The meiotic products in

about half of the BicD"™ """ embryos failed to stain for the SAC components BubR1 and

Mad2 support this hypothesis.

Connecting BicD to the D-TACC/Msps/clathrin complex

Chc, its partner Clc, and BicD are enriched at mitotic spindles and centrosomes. Furthermore,
these proteins and the clathrin-interacting partners D-TACC and Msps localize to the tandem
spindles and the central aster of the female meiotic Il apparatus. The interaction
of Drosophila Chc with D-TACC is conserved, and Chc interacts through the same protein
domain directly with D-TACC and BicD (Fu et al., 2010; Lin et al., 2010). Moreover, BicD is
needed for localizing D-TACC, Msps, and clathrin throughout the meiotic Il tandem spindles.
The TACC3/Chc interaction was proposed to form a domain in tandem to bind spindle MTs
(Hood et al., 2013). We hypothesize that Bi