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ARTICLE INFO ABSTRACT

Keywords: An essential part of the Mitosis Promoting Factor, Cyclin B1 is indispensable for cells to enter mitosis. We report
Cyclin B here that the zebrafish early arrest mutant specter is a loss-of-function mutation in the cyclin B1 gene. cyclin B1 is
Cell cycle

maternally transcribed in zebrafish, and the zygotic phenotype is apparent by early segmentation. Lack of zygotic
Cyclin B1 does not stop cells from dividing, rather it causes an abnormal and elongated progression through the
G2 and M phases of the cell cycle. Many mutant cells show signs of chromosomal instability or enter apoptosis.
Using CRISPR-mediated gene editing, we produced a more severe gain-of-function mutation confirming that
specter is the result of nonfunctional Cyclin B1. Although also a recessive phenotype, this new mutation produces
an alternative splice-form of cyclin BI mRNA, whose product lacks several key components for Cyclin B1, but not
the Cdkl-binding domain. This mutant form of Cyclin B1 completely prevents cell division. We conclude that,
although Cyclin B1 is critical for cells to enter mitosis, another cell cycle protein may be cooperating with Cdk1 at
the G2/M checkpoint to sustain a partly functional Mitosis Promoting Factor.

G2/M transition
Mitosis promoting factor
Cell cycle progression

1. Introduction

Cell cycle progression is regulated by conserved Cyclin-dependent
kinases (Cdk) and cell cycle proteins (Cyclins). While Cdk's are consti-
tutively expressed throughout the cell cycle, Cyclins are expressed more
dynamically where they control individual phases of the cell cycle.
Mammals and zebrafish have two types of Cyclin B (B1 and B2) (Minshull
et al., 1989; Pines and Hunter, 1989). Chicken, frogs, flies, and worms
also have a third type, Cyclin B3, essential for germline development
(Gallant and Nigg, 1994; Kreutzer et al., 1995). Both Cyclin B1 and B2 are
detectable in G1, rise through S phase and peak in late G2 or early M
phase, after which they degrade in anaphase (Brandeis and Hunt, 1996).
Cyclin B1 is primarily cytoplasmic but constantly shuttles between the
nucleus and the cytoplasm in interphase, whereas Cyclin B2 is primarily
in the cytoplasm during both interphase and mitosis (Jackman et al.,
2003).

The G2 to M transition of the cell cycle relies predominantly on Cyclin
Bl and Cdkl activity (reviewed by J. Pines, 1995; Santamaria et al.,
2007). To this end, Cyclin B1 has four major domains: a chromatin
localization domain (CLD), essential for localization of Cyclin Bl to
chromatin and the centrosomes (Pfaff and King, 2013); a destruction box
(D-box), recognized by the anaphase promoting complex/cyclosome
(APC/C) for Cyclin Bl ubiquitination during anaphase; a cytoplasmic
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retention domain (CRD), preventing Cyclin Bl from binding to the
chromosomes prior to prophase; and a Cdk1-binding domain, essential
for Cdk1 binding (Bentley et al., 2007; Draviam et al., 2001; Pfaff and
King, 2013). Together with Cdk1, Cyclin B1 forms a protein kinase ho-
loenzyme complex, also known as the Mitosis Promoting Factor (MPF)
(Draetta et al., 1989). The MPF remains inactive until a Cyclin Bl
threshold is surpassed in late G2 of the cell cycle (Allan and Clarke,
2007). Once DNA replication is complete, the MPF is activated through
Cdc25 phosphorylation of inhibitory Weel and Myt1 kinases, to ensure
that the MPF is fully activated (reviewed by Lindqvist et al., 2009). A
high activity of the MPF allows cells to enter mitosis as the MPF trans-
locates to the nucleus. Once in the nucleus, the MPF phosphorylates
nuclear substrates, such as caspases, to protect mitotic cells against
apoptosis (Ikegami et al., 1999; reviewed by Porter and Donoghue,
2003). The MPF also controls cell rounding in prophase (Gavet and Pines,
2010), and disassembly of the nuclear lamina in early prometaphase to
promote nuclear envelope breakdown (reviewed by Nigg, 2001). Exit
from mitosis is initiated by degradation of Cyclin B1 by the APC/C during
mitosis (Clijsters et al., 2013; reviewed by Zachariae and Nasmyth,
1999). Cdk1 itself remains constitutively present to interact with other
Cyclins (reviewed by Hochegger et al., 2008).

Cyclin B2 has been shown to be associated with the Golgi apparatus
until prophase when the Golgi apparatus is targeted for disassembly
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mediated by Cyclin B2/Cdkl (Draviam et al., 2001). Although not
commonly believed to be important for the G2 to M transition, much like
the “Maturation” Promoting Factor is for mitosis, Cyclin B2 is essential
for oocyte “maturation”. Together with the Hecl kinetochore compo-
nent, Cyclin B2 regulates microtubule nucleation during prophase and
early prometaphase, as well as helps the centrosomes to organize the
mitotic spindle in both mouse (Daldello et al., 2018; Gui and Homer,
2013; Li et al., 2018) and frog (Kotani et al., 2001).

In vivo studies show that mice lacking Cyclin B1 die in utero, whereas
mice lacking Cyclin B2 are viable, only smaller than normal, and have
reduced litter sizes (Brandeis et al., 1998). Flies lacking Cyclin B1 fail to
form a spindle and cannot go through mitosis after the midblastula
transition (Gong et al., 2010; Knoblich and Lehner, 1993; Nieduszynski
et al., 2002). To date, however, there have been few studies that have
examined the absence of functional Cyclin B1 during early development,
except a recent study in mouse that showed that once the embryo runs
out of maternal Cyclin B1, blastula cells arrest in G2 after the second
division (Strauss et al., 2018). Despite this work on mouse Cyclin B1,
other studies in human culture cells indicate that once Cyclin B1 is ab-
sent, Cyclin B2 enters the nucleus to form an activate MPF with Cdk1
overcoming the G2/M arrest (Bellanger et al., 2007; Gallant and Nigg,
1992). Therefore, there may be some redundancy in Cyclin B roles and
differences between species.

Here we show that the zebrafish early arrest mutant specter (spr2?) is
a recessive loss of function mutation in cyclin BI1. We confirmed that
spr?! is a mutation in cyclin B1 using CRISPR/Cas9 mediated germline
mutagenesis to create a new allele (spr’®!), which fails to complement the
original spr?! mutant allele. Like in other zebrafish cell cycle mutants
(Kane et al., 1996; Riley et al., 2010; Song et al., 2004; Warga et al.,
2016), once maternal cyclin B mRNA is depleted, the zygotic phenotype
is manifested. However, lack of zygotic cyclin BI mRNA does not appear
to affect the embryo until quite late in development and rather than
arresting the cell cycle, results in cells progressing through the cell cycle
slower, delaying the G2 and M phases. Eventually, abnormal cell cycle
progression causes numerous cellular changes, such as fewer and bigger
cells, lagging chromosomes and cells that undergo apoptosis. spr!
mutant embryos exhibit a similar phenotype, only more severe and with
an earlier onset. Further analysis indicated that in the rol allele a Cyclin
B1 product is made, but that it perhaps interferes with the function of the
MPF. We conclude that while Cyclin B1 is critical for “normal” cell cycle
progression, when it is absent there must be a compensatory mechanism
that pushes cells through the G2/M checkpoint.

2. Material and methods
2.1. Mapping and genetic characterization

The specter (spr'®?!) mutation was isolated in the Tiibingen screen
(Haffter et al., 1996) and outcrossed to the polymorphic WIK (L5) strain
of wild-type fish for mapping by half tetrad analysis (Johnson et al.,
1995). Single stranded linked polymorphisms (Knapik et al., 1998), were
used as in McFarland et al. (2005) to establish linkage. This mapped
specter to one arm of Chromosome 5. Finer resolution on the Sanger map
was further obtained using a haploid panel and the following microsat-
ellite (z) markers:

244961 (F 5’ GAG CAA TGT TTT CCC AGC AT 3, R 5’ ATG GGC GGG
ATT TAATAA CC 3); 27428 (F5' ATT GGG TGG TTG TGCATT CT 3',R 5’
CTG TCC AAT CTC GCT GTC AC 3'); z58519 (F 5’ CTT GCG GTT AAA
CAT GCT TG 3/, R 5’ TTG TCT CCC TAG CGT GCT GT 3'); 265883 (F 5
CCT TTG GGC TTT CTG ACA AG 3',R 5 GTG TTT GGT GAA TCA GCC CT
3"); 236189 (F 5' TAA AAT CCT ACC GCG TAC CGG 3/, R 5’ GCA GGT
GAA GGT GGA TGA AT 3); 25538 (F 5' TCA GCC ACA TTA GGG GAA AG
3, R 5 TTC AGA AGC CAT CCA TGT TG 3"); z3804 (F 5" GCA TCT GGT
GGT GTT GTA GG 3, R 5" CAG GAT CAA AAG CTG TGC AA 3'). This
identified five potential candidate genes in a 4 Mb interval, one of which
was cyclin B1 (Supplementary Table 1). To determine whether spr ©
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was a mutation in cyclin B1 we used RT-PCR and verified this by SANGER
sequencing using genomic DNA from individual embryos.

2.2. Generating the spr®! mutant allele and identification of alternative
splice variants

As described in Hwang et al. (2013) we constructed sgRNA targeted
to the sequences GGCCAGGCGAGTGTTCTACT, a region complementary
to a region in the intron 1 — exon 2 of the cyclin B1 gene. Appropriate
sense and antisense oligonucleotides were annealed together and subcl-
oned into DR274 (Addgene) as per Hwang et al. (2013). To produce
sgRNA, the vector was linearized by digestion with Dral, and RNA was
produced using the MAXIscript T7 kit (Life Technologies). cas9 mRNA
was generated using a Cas9 vector (Addgene) as per Hwang et al. (2013)
using the mMESSAGE mMACHINE T7 ULTRA kit (Life Technologies).

To mutagenize fish, we injected wild-type embryos at concentrations
from 9 to 13 pg of sgRNA together with 200 pg of cas9 mRNA. The total
number of embryos injected with CRISPR/Cas9 mRNA was approxi-
mately 1300 (Fig. 3B). After three months of growing mutagenized fish,
only five survived. One was identified as a founder by complementation
testing.

To identify alternative splice variants, total mRNA was extracted from
phenotypic wild-type embryos from a transheterozygote cross and spr™”
mutant embryos from a spr” rol cross. Reverse transcriptase PCR was
performed using the following primer pairs: 5° CCAGTTTGTTCATC-
GAGTCAC 3’ and 5 GCAATCTCTGGTGGGTACATC 3'. Purified PCR
products were then subcloned into pGEMT-Easy vectors (Promega) to
generate enough DNA for SANGER sequencing.

2.3. Live cell cycle reporting and time-lapse microscopy

For analysis of the cell cycle in spr'*?! mutants, we bred the Dual
FUCCI transgene (Bouldin and Kimelman, 2014) into the spr“‘21 allele.
Live anesthetized embryos were identified as mutant or wild type by their
morphological phenotype, mounted at 24 h in 0.2% agarose and recor-
ded in multi-plane every 6 minutes for 4 hours as previously described in
Warga and Kane (2003), except we used a Nikon C2 confocal microscope,
at 20x or 60x magnification, running NIS Elements Confocal software, in
an imaging facility maintained at 30 °C during the recording.

For the analysis of the cell cycle in spr'®! mutants, embryos derived
from rol heterozygotes were injected at the 1-cell stage with 25 pg H2B-
RFP mRNA (Liu et al., 2017). Live embryos were mounted at 2-somites
and recorded, as described above, every 5 minutes for 4 hours. At the
end of the time-lapse, embryos were identified as mutant or wild type by
their morphological phenotype.

Image processing and analysis was done using EOS Utility 2, Adobe
Photoshop CS2, Adobe Photoshop 11.0, and NIS Elements Viewer (v.
4.20). During image processing, H2B-RFP labeled cells were pseudocol-
ored from red to green.

2.4. Lineage tracing

Lineage tracing was adapted from those previously described (Warga
and Niisslein-Volhard, 1999; Warga et al., 2009). Briefly an individual
blastomere was labeled between the 1K- to 2K-cell stages with a 5%
solution of neutral rhodamine-dextran (10,000 MW). To count the
number of enveloping layer cells, embryos were oriented in 3% methyl
cellulose in Daniaeu's media and examined on a Zeiss Axioskop at: 40%
epiboly, 60% epiboly, tailbud, 3-, 15-, and 18-somites and at 24 h. All
embryos were re-examined at 24 h except in the case of 18-somites (18 h)
and 24 h where embryos were also re-examined at 36 h.

2.5. In situ hybridization, BrdU labeling, antibody, and DAPI staining

Whole-mount RNA in situ hybridization was carried out using
digoxigenin-labeled riboprobes following the protocol in Thisse and
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Thisse (2008). For cyclin B1 in situ hybridization, embryos collected at
15-, 20-, and 24-h (Table 1), were first sorted by their morphological
phenotype prior fixation before further characterization. BrdU pulse la-
beling was performed as described by Phillips et al. (2006) and stained
with an anti-BrdU antibody (Abcam ab 1894, 1:1000). Whole-mount
antibody staining was carried out using an anti-active Caspase 3 anti-
body (BD Biosciences, 1:200), an anti-alpha Tubulin antibody (Devel-
opmental Studies Hybridoma Bank, 1:25), an anti-GFP antibody (Santa
Cruz, 1:500) or an anti-phospho-Histone H3 antibody (anti-pH3) (Santa
Cruz, 1:1000) and detected with an AP-conjugated or
peroxidase-conjugated secondary antibody (Santa Cruz, 1:1000) or Alexa
Fluor 488-, 594-, 647-conjugated secondary antibodies (ThermoFisher
Scientific, 1:200). DAPI staining was used at a concentration 1 ng/mL.

Embryos were cleared in 70% glycerol and photographed using a
Sony F-707 digital camera or Canon T5 digital camera on a Zeiss Axi-
oskop II, or a Nikon SMZU binocular stereomicroscope. In the case of
fluorescent detection, we used a Nikon C2 Confocal microscope running
NIS Elements Confocal software. Image processing was as described
above.

3. Results
3.1. The spr mutant exhibits delayed development with ongoing apoptosis

The original specter (spr) allele was isolated in the Tiibingen screen
(Haffter et al., 1996) and identified in the early arrest group for pheno-
types that displayed gross cellular abnormalities in the first 24 h of
development (Kane et al., 1996). Represented by 2 Mendelian recessive
lethal alleles (tu21 and ta214), both were first distinguishable at 7-so-
mites (12.5 h, Fig. 1A, A’) by a smaller head and tail compared to
wild-type siblings. By 10-somites (14 h), mutant embryos were notice-
ably shorter, lacked clear somite boundaries, had smaller eye placodes,
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and the head and nervous system looked opaque. These defects increased
over time so that by 20-somites (19 h), somite borders in the mutants
were no longer distinguishable (Fig. 1B, B’) and by 30-somites (24 h),
motor activity was abnormal.

Common characteristics for mutants that affect the cell cycle are loss
of optical transparency, due to generalized cell death (Song et al., 2004;
Warga et al., 2016), and for cells to be larger and fewer in number (Riley
etal., 2010; Warga et al., 2016). We found that spr mutants had extensive
apoptosis (Fig. 1C, C'), as revealed by antibody staining for the active
form of Caspase-3 (Negron and Lockshin, 2004). Labeling of the blood
cells by various markers showed that they were bigger and less numerous
in the mutant (Fig. 1D-F'). Thus, spr mutants superficially resemble other
cell cycle mutants.

3.2. spris a mutation in cyclin Bl

Initial mapping, using gynogenetic diploid embryos (Streisinger et al.,
1986), linked spr'?! to linkage group 5. Fine mapping of spr*?!, using
haploid embryos and seven microsatellite (z) markers narrowed it to a
region between the markers z58519 and z65883 where no recombina-
tion was observed (Fig. 2A). These markers delineate approximately 85
genes including cyclin B1 (Supplementary Table 1).

Based on the cell cycle phenotype, cyclin B1 was the most promising
candidate gene. Therefore, we sequenced mutant cDNA revealing a
transition that caused a nonsense mutation (C139T; Fig. 2B) in exon 2 of
the gene. This product, if transcribed, would result in a product lacking
the Cdkl binding domain, the destruction box, and the cytoplasmic
retention domain - all critical for Cyclin Bl activity (Fig. 2C). In situ
hybridization for the cyclin BI mRNA (Fig. 2D-G’) showed it was present
in the two-cell embryo and maternal transcripts were maintained
through early gastrulation (Fig. 2D and E). However, where in wild-type
embryos cyclin B1 is expressed throughout somitogenesis (Fig. 2F and G),

Fig. 1. The spr mutant phenotype. (A, B) Morphology
of the live embryo, side view of: (A, B) wild-type and
(A, B) spr‘“ﬂ embryos. Arrows indicate darkening in
the head and trunk. Note the undefined somite bor-
ders in the mutant by 20-somites (19 h). (C, C)
Apoptosis, visualized by antibody staining for an
active form of Caspase 3, is evident in the head of the
spr mutant by 25-somites (21.5 h). Embryos are shown
in side view using pax2a mRNA expression to define
the area between the hindbrain and optic stalk. (D-F')

Blood cells are larger and less frequent in the spr
mutant. (D, D) Labeling of the blood by the erythro-
cyte marker, hbbe2 (Brownlie et al., 1998), 8/8 mu-
tants and 20/20 wild-type embryos displayed this
phenotype; (E, E) the macrophage marker, Icpl
(Herbomel et al., 1999), 10/10 mutants and 17/17
wild-type embryos displayed this phenotype; (F, F);
and the neutrophil marker, mpx (Bennett et al., 2001;
Lieschke et al., 2001), 10/10 mutants and 21/21
wild-type embryos displayed this phenotype. Boxes
indicate the areas enlarged at higher magnification,
scale bar is 20 pm.
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in mutant embryos it is not (Fig. 2F/, G'). We interpret this to mean that
this mutation likely produces a nonfunctional gene product that un-
dergoes nonsense-mediated RNA decay. Thus by 10-somites (14 h), the
embryo appears to have exhausted all maternal stores of cyclin Bl
transcripts.

3.3. Gene editing confirms that spr is a mutation in cyclin B1

To demonstrate that spr®?! was a mutation in cyclin B, we first
attempted mRNA rescue using wild-type cyclin B1. Injecting cyclin B1
mRNA into embryos derived from tu21 heterozygotes at the 1-cell stage,
did not alter the morphological phenotype of the mutant or its siblings.
Further detection with antibody staining also did not reveal changes in
mitosis or apoptosis. Undeterred, we changed strategy and edited the
cyclin B1 gene using CRISPR/Cas9. Our synthesized sgRNA had a
recognition sequence in the second exon, 102 bp upstream of the mu-
tation found in the spr*?! allele (Fig. 3A). We identified cyclin Bl-edited
founders by complementation testing with spr?! heterozygotes
(Fig. 3B). 10% of the progeny failed to complement, and the trans-
heterozygote spr?1/™! embryos resembled the spr*?! mutant phenotype
(Fig. 3C-E), albeit more severe. Sequencing of spr®! mutant embryos
showed that the edited sequence had a splice site mutation with a dele-
tion of the ag acceptor splicing site and an insertion of four nucleotides
(Fig. 3G). We conclude from these experiments that spr is caused by a
mutation in cyclin B1.

3.4. The spr'®! mutation possibly alters the Cyclin B protein

After outcrossing and recovering the spr'®! allele, we found that like
spr*?! it behaved as a Mendelian recessive lethal with no apparent
dominant heterozygous phenotype. However, when homozygous it had
an even more severe morphological phenotype than the null allele
(Fig. 3C-F) suggesting it was a gain-of-function. We first asked if cyclin B1
mRNA was expressed and found that spr®' mutants exhibited robust
cyclin BI expression (Fig. 3F") similar to that of wild-type embryos and
very different from that seen in spr?! mutants (Fig. 3D'). By comparison,
the spr®21/™1 transheterozygote had an intermediate level of cyclin B1
transcripts (Fig. 3E'). Therefore, spr®! mutants produce cyclin B1 tran-
scripts that do not undergo degradation.

To understand our in situ data, we first sorted embryos by wild type or

allele has a premature stop codon in exon 2
(red asterisk). (D-G’) cyclin BI mRNA is (D,
E) maternally, and (F, G) zygotically
expressed. (F-G') Note that expression of
cyclin BI mRNA in the mutant embryo is
significantly diminished at 10-somites (14 h)
and absent by 15-somites (16.5 h).

mutant phenotype prior to fixation, followed by in situ hybridization,
after which we sorted each category by the intensity of their cyclin Bl
expression (Table 1). We found that in a spr” °I cross (Table 1), all em-
bryos, both wild type (74% of the cross) and mutant (26% of the cross),
had strong cyclin B1 expression. However, in a spr’”ﬂ cross (Table 1), not
all wild-type embryos had strong cyclin B1 expression (26% of the cross),
as some had weaker expression (46% of the cross). In the quarter of the
embryos that were mutant there was no expression (28% of the cross).
This distribution correlates to the expected number of genotypic wild
type, heterozygotes, and mutant. Thus, it would seem that if embryos
inherit one copy of the t21 allele, whose transcript undergoes nonsense
mediated decay, cyclin BI expression is less robust that normal. When we
examined a transheterozygote cross (Table 1) we also found that not all
wild-type embryos had strong cyclin B expression (53% of the cross), as
a portion of wild-type embryos exhibited weaker expression (24% of the
cross), much like that of the transheterozygote mutant (23% of the cross).
This distribution supports the idea that strong expression only happens
when embryos do not inherit the tu21 allele (all the wild type and half the
heterozygotes). Altogether these results argue that intermediate expres-
sion is solely the result of the wild-type or rol allele as the tu21 allele has
no detectable mRNA activity.

Further analysis revealed that spr®! mutants had many alternatively
spliced mRNA products compared to the expected 741 bp product. This
was demonstrated by extracting total mRNA from homozygous mutants
and amplifying a fragment of the cyclin B1 ¢cDNA using a forward primer
in the exon 1 and a reverse primer near the beginning of exon 6 (Fig. 4A).
spr®! mutants had additional products of 900 bp and 1200 bp (Fig. 4A).
Because embryos were sorted by their morphological phenotype, the
wild-type pool also displayed these additional rol products, although
much fainter, as two thirds of these individuals were heterozygous. After
subcloning these fragments into vectors, we also identified a further
product of 250 bp (Fig. 4B) not seen earlier.

We cloned and sequenced a subset of these cDNAs, and found that
most of them lead to out-of-frame transcripts with premature stop codons
(Fig. 4C). Transcript 1 found a new (ag) acceptor site 4 nucleotides earlier
than the original acceptor site, while transcript 2 found an acceptor site
48 nucleotides earlier than the original acceptor site. Both transcripts
resulted in a frameshift mutation and a premature stop codon in exon 2.
Transcript 3 retained intron 1, resulting in a premature stop codon in the
retained intron.
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Table 1
Intensity of cyclin B mRNA expression between 16 and 24 h.
specter cross Phenotype Strong (%) Intermediate (%) None (%) Total embryos (%)
+/tu21 x +/tu2l wild type” 26 (26%) 46 (46%) 0 100 (100%)"
mutant” 0 0 28 (28%)
+/tu21 x +/rol wild type” 43 (53%) 20 (24%) 0 82 (100%)°
mutant” 0 19 (23%) 0
+/rol x +/rol wild type® 118 (74%) 0 0 160 (100%)d
mutant” 42 (26%)° 0 0

@ Statistically consistent with the Mendelian homozygous recessive segregation, using the chi square test.

b Embryos collected from four clutches in a +/tu21 x +/tu21 cross.
¢ Embryos collected from two clutches in a +/tu21 x +/rol cross.

4 Embryos collected from four clutches in a +/rol x +/ro1 cross.
e

Transcript 4 however, had an alternative splicing variant where exon
2 through exon 5 were skipped, but remained in frame (Fig. 4C). This
transcript possibly explains expression of cyclin B1 in the spr” °! mutant
(Fig. 3F') as it would not be degraded by nonsense-mediated degradation.
If translated, transcript 4 would produce a protein with an expected size
of 203 amino acids and would lack the destruction box, necessary for the
protein targeted degradation in anaphase (Clute and Pines, 1999), but
still retain a large portion of the Cdk1-binding domain. Thus, this product
might interfere with other Cdk1-binding proteins and explain the more
severe, gain-of-function phenotype.

3.5. The cell cycle is altered in specter mutants

Cyclin B has a well-characterized function in the G2/M transition as
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spr’®! mutants exhibited stronger cyclin BI expression compared to the transheterozygote but weaker than phenotypic wild type.

well as multiple roles during mitosis itself (reviewed by Pines, 1995;
reviewed by Santamaria et al., 2007). To determine whether mutants of
both alleles maintain a wild-type mitotic index, we first examined
phospho-Histone H3 staining which labels the chromosomes from pro-
phase to early anaphase (Hendzel et al., 1997) (Fig. 5SA-A”). Counting the
number of mitotic cells in rhombomere 4, outlined by expression of egrb2
(krox20) in rhombomeres 3 and 5 (Oxtoby and Jowett, 1993), we found
that the number of mitotic cells did not change between 7- and 20-so-
mites (12 h and 19 h) in spr®?! mutants, whereas in wild type it was
increasing (Fig. 5B). However, at 25-somites (21.5 h), the number of
mitotic cells was significantly lower, compared to wild-type (Fig. 5B). In
contrast, the number of mitotic cells in spr®! mutants was already
significantly diminished by 7-somites and continued to decline between
7- to 25-somites (12-21.5 h) (Fig. 5B). Taking into account the more
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Fig. 4. The spr°! mutant has alternative splice variants. (A) Selection of cyclin
B1 transcripts in wild-type and spr°! mutant embryos at 30 h. spr°! mutants
have additional transcription products. The expected product size is 741 bp
(PCR product produced by a forward primer in the 5UTR and a reverse primer
in exon 6), but spr"°! mutants also have a 900 bp and 1200 bp product. Extra
products seen in a pool of wild-type siblings are much weaker and result from
heterozygous individuals that are phenotypically wild-type. (B) Additional cyclin
B1 transcript found after cloning into the pGEM-T Easy vector. The 255 bp
product amplified using the T7 and SP6 primers is an alternatively spliced cyclin
B1 mRNA (cDNA) product. (C) Splice site map of the cyclin BI gene in wild-type,
spr?! and spr®! (1-4). Primers used are marked on the wild-type schematic
with black arrows, the expected cDNA product is 741 bp. Grey box is the part of
the transcript that was not amplified in the PCR reaction. A red asterisk indicates
introduced stop codons. The dashed line indicates the beginning of E2 (yellow)
to help visualize additional nucleotides. spr° mutants have at least four alter-
native splice site variants: (1) acceptor site in intron 1 is 4 nucleotides upstream
of the original acceptor site (—4) followed by a stop codon in the E2; (2)
acceptor site in intron 1 is 48 nucleotides upstream of the original acceptor site
(—48) followed by a stop codon in E2; (3) intron retention splice variant, with
premature stop codon +132 bp of the intron; and (4) In-frame splice site, where
the first acceptor site is in intron 5, skipping E2-E5.

severe phenotype (Fig. 3F') and a possible dominant effect of the
gain-of-function rol allele, we more carefully examined the number of
mitotic cells in their phenotypically wild-type siblings (60 embryos from
3 different clutches). There was no significant difference among the
wild-type group, supporting that rol behaves as a recessive allele. Like-
wise, anti-pH3 staining reveals that neural cells normally undergo divi-
sion at the midline in phenotypically wild-type siblings (Fig. 5A, arrow),
however neither of the mutants exhibited this behavior. Instead, cells in
the spr™?! mutant seem to divide after they leave the midline and cells in
spr'®! do not divide at all.

We initially hypothesized that the pH3-positive cells at the earlier
stages in spr'®?! mutants were the same cells at later stages of develop-
ment, arrested in the G2/M transition. To determine if this were so, we
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used the Dual Fluorescent Ubiquitination Cell-Cycle Indicator (FUCCI)
(Abe et al., 2013; Sugimoto et al., 2004; Sugiyama et al., 2009). This
construct takes advantage of the oscillating levels of Cdtl, which accu-
mulates during G1 phase, and Geminin, which accumulates during S, G2,
and early M phase, to report the stage of the cell cycle. In zebrafish, a
single transgene expresses mCherry under the control of a Cdtl-degron,
and Cerulean under the control of a Geminin-degron (Bouldin and
Kimelman, 2014). We hypothesized that if cells stopped dividing in
mutant embryos, they would be arrested in the G2 and early M (blue)
phases of the cell cycle in mutant embryos. In wild-type embryos, cells
were predominantly in the G1 (red) phase of the cell cycle (Fig. 5C-C"). In
contrast, in both spr™?! (Fig. 5D-D”) and spr*?!/™! (Fig. 5E-E”) mutant
embryos cells were predominantly in the S, G2, or early M (blue) phase of
the cell cycle. This suggests a possible cell cycle arrest. When cells were in
G1, their morphology was altered compared to wild type (Fig. 5C, D, E):
not only were nuclei bigger, indicative of endoreplication, but many were
pyknotic suggesting that these cells were undergoing apoptosis.

3.6. Cells in spr™?! mutants continue to slowly divide

To determine if cells really stop dividing, we labeled single cells in the
mid-blastula with lineage tracer dye and followed divisions in the
enveloping layer (EVL) (Fig. 6A). Unlike the deep cells, EVL cells tend to
survive in both mutant alleles, perhaps because they divide less
frequently. Cell cycle mutants typically do not exhibit their phenotypes
until maternal transcripts are depleted (Kane et al., 1996; Unhavaithaya
etal., 2013; Warga et al., 2016), therefore we waited to examine embryos
until 30% epiboly (4.66 h), a few hours after zygotic transcription begins.

We found that constant UV light caused high amounts of cell death in
spr mutants, compared to wild-type siblings, thus, we only examined
clones intermittently no more than three times selecting an early time-
point (between 30% epiboly to mid-somites) and a later time-point (24
h and/or 36 h of development) (Fig. 6B). Surprisingly, we found that the
cells in the spr™?! mutant did not stop dividing during the observed
period. However, in the spr” ° allele, there were no cell divisions after
tailbud.

To determine if the reason EVL cells in the spr?! mutant have fewer
divisions is that their cell cycle is longer than cells in wild-type, we
recorded embryos, using the Dual FUCCI transgene (Fig. 6C, Supple-
mentary Movie 1, Movie 2) beginning at 24 h of development, when
maternal products are presumably exhausted (Fig. 2D’). Because the cell
cycle at this stage takes approximately 8 h (Siefert et al., 2015), we
recorded embryos for 10 h and limited UV damage by not using the
mCherry-Cdtl signal. We found that EVL cells in the wild type spent an
average of 21.7 +£4.1 min in mid-M to S phase (from the loss of the
Cerulean-Geminin signal to regaining it in the daughter cells), whereas
EVL cells in the spr“m mutant spent an average of 55.2 + 11.0 min in the
same stage of the cell cycle (p < 0.05). Hence, spr'*?! mutant cells spent
more time in mitosis.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.03.014.

Although EVL cells no longer divide after tailbud in the spr’®! mutant
(Fig. 6B), we did not know whether deep cells, which give rise to the
embryos proper (Kimmel et al., 1990), cease to divide. To this end, we
injected H2B-RFP mRNA at the 1-cell stage and then recorded embryos
beginning at 2-somites (10.5 h). As the cell cycle at this earlier stage is
approximately from 4 to 5 h (Kimmel et al., 1994; Siefert et al., 2015),
(Fig. 6D, Supplementary Movie 3, Movie 4), we only recorded embryos
for 4.5 h. We observed 25 divisions in a wild-type sibling embryo during
this period, but only 8 in the mutant. Most mutant cell divisions occurred
during the first hour of recording, the last division being recorded at 5-so-
mites (11.7 h) (Fig. 6D). Notably, this final cell spent far longer time in
metaphase than normal, much like spr®?! EVL cells do later (Fig. 6C,
Supplementary Movie 1, Movie 2). Hence, this demonstrates that spr'®!
mutants also exhibit an increased period spent in M phase.

Supplementary video related to this article can be found at https://


https://doi.org/10.1016/j.ydbio.2019.03.014
https://doi.org/10.1016/j.ydbio.2019.03.014
https://doi.org/10.1016/j.ydbio.2019.03.014

T. Petrachkova et al.

Developmental Biology 451 (2019) 167-179

25

B 20 3

§ 18 W]jnm = L Ek‘

216 Spr &

O 4 spr ™!

S 2 z

‘€10 sank I I

c 8 I 3

| P

% 2 1 I g,

Z 0 I ©n
7s 15s 20s 25s

mCherry-Cdtl

Fig. 5. Cyclin B1 mutants have an abnormal cell cycle progression. (A-A") anti-pH3 staining shows spr mutants have fewer cells in mitosis between the egr2b stripes in
rhombomeres 3 and 5, dorsal view. Mitotic cells align at the dorsal midline (white arrow) in the wild-type embryo (A), but do not in the sprt”zl mutant (A’) whose
mitotic cells are irregularly shaped. In the spr"°! mutant (A”), pH3 staining is weak and reveals few mitotic cells. (B) Quantification of the number of mitotic cells
between the egr2b stripes in the wild-type embryos (grey), spr'*?! mutant (yellow), and spr’°? mutant (green) between 7- and 25-somites (12 h and 21.5 h). Starting at
15-somites (16.5 h), the number of mitotic cells in the spr?! allele is significantly fewer (p < 0.05) compared to wild-type embryos. The counts for the spr®? allele are
statistically significant compared to both, wild-type and spr™*?! at all stages (p < 0.01). (C-E”) The Dual FUCCI transgene shows that cells in the spr mutant reside in the
wrong phase of the cell cycle at 20-somites. Shown are populations of cells in the tail where the cell cycle reporter mCherry-Cdtl (red) defines cells in G1 (GO) stage
(C-E) and the Cerulean-Geminin (blue) defines cells in S/G2/early M stages (C'-D”). Whereas the majority of cells in wild-type embryos are in the G1 (GO) stage of cell
cycle (C-C"), the majority of cells in spr'®2! (D-D”) and spr®2/! (E-E”) mutants are in the S/G2/early M phase of the cell cycle. Scale bar is 100 pm. Inserts show that

G1 (GO) cells have abnormal shapes in mutant embryos, scale bar is 10 pm.

doi.org/10.1016/j.ydbi0.2019.03.014.

3.7. spr'™! mutant cells have a longer G2 phase

To establish if the G2 phase of the cell cycle was also lengthened, we
labeled wild-type and sprﬂ‘m embryos at 24 h with BrdU for 1 hour. Af-
terwards, we stained with an anti-BrdU antibody to label cells in the S
phase of cell cycle, an anti-GFP antibody to label cells in S through early
M (the Cerulean-Geminin signal), and an anti-pH3 antibody to label cells
in mitosis (Fig. 7A-B"). To analyze these results, we counted cells posi-
tive for these markers in different combinations to distinguish between
cell cycle phases (Fig. 7C). Our data showed that: first, there were
significantly more wild-type cells positive for only BrdU (S phase), and
BrdU with other markers (S—M; S—G2—M; S—M) than those in the
mutants. Second, there were significantly fewer wild-type cells positive
for only Geminin (G2 phase) and Geminin with anti-pH3 (G2—M) than
those in the mutants. Third, there was no significant difference between
the number of cells positive for only anti-pH3 (M phase).

In summary, we found a population of cells in spr™?! mutants that can
go through a new cell cycle like wild-type cells, even at 24 h. However,
there were fewer cells that phased from S to G2 or to M, as the majority of
the mutant cells were in the G2 phase and G2/M transition compared to
their wild-type siblings.

Although cells in the spr?! loss-of-function allele remain mostly in
the G2/M phase of the cell cycle, altogether, these results show that cells
are not arrested, rather they just spend far longer in G2 and M phases.
Therefore, lack of zygotic Cyclin B1 does not prevent cells from dividing,
it simply slows them down.

3.8. spr mutant cells exhibit signs of chromosomal instability

One of the functions of an active MPF is to control chromosome
condensation (Kimura et al., 1998) and microtubule dynamics during
mitosis. To further investigate why mutant cells do not go through
mitosis as fast as wild-type cells, we examined their chromosomes and
microtubules more closely using DAPI nuclear staining and an anti-alpha

Tubulin antibody at 24 h concentrating on deep cells derivatives (Fig. 8),
which we know still divide, at least in the tail of the spr'*?! mutant
(Fig. 6D, Supplementary Movie 2). Ordinarily, microtubules ensure a
correct and equal segregation of chromosomal content in the two
daughter cells (Fig. 8A-A"). In spr'?! mutants, there was no difference in
chromatin condensation at mitotic entry. However, we saw abnormal-
ities in many mutant cells during anaphase and telophase (Fig. 8B-D").
While some cells separated their genetic material normally, others had an
abnormal microtubule organization where astral microtubules were ab-
sent and the central spindle microtubules were hyper aggregated
(Fig. 8B/, B”). In addition, some cells had microtubules attachment errors,
resulting in lagging chromosomes (Fig. 8C-C”) or chromatin bridges
(Fig. 8D-D”). We also observed pyknotic nuclei (Fig. 8E-E”) having the
typical apoptotic microtubule network described by Moss et al. (2006)
that are thought the result of genomic instability and aneuploidy.

Surprisingly, even in the spr®?1/™! and spr’°! mutants, divisions at 24
h still occurred (Fig. 8F-J"), although these were few and predominantly
in ventral epidermal cells, and not the tail. As above, some cells in
telophase, appeared normal (Fig. 8F-F"), suggesting a successful division.
Yet, like the null mutant, there were cells in telophase with over bundled
astral and central microtubules (Fig. 8G/, H', I', J'), microtubule attach-
ment errors with lagging chromosomes (Fig. 8G, H, J), as well as pyknotic
nuclei (Fig. 8F, red arrowhead). Overall however, microtubule organi-
zation was more disrupted in the spr"°! mutant cells, including highly
concentrated and unfocused microtubules at the onset of anaphase with
abnormal spindle orientations (Fig. 81-1"). Notably this latter phenotype
was also observed in the sprmﬂ/ I mutant, only not as severe, but never
in the spr™?! mutant (data not shown). These data suggest that in the
absence of a wild-type Cyclin B1 product, the gene product from even one
rol allele is enough to prevent a compensatory mechanism for sustaining
normal cell division.

4. Discussion

As a gateway to mitosis, Cyclin B1 and Cdk1 play an essential role in
cell cycle progression. However, their role is not fully understood in early
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Fig. 6. Cell division does not completely stop in spr mutants; however, each allele has a unique phenotype. (A) Illustration of lineage tracing analysis for EVL cells in
wild-type and mutant embryos. (B) Average number of cell divisions in a clone between the time marked and 24 h or 36 h. Each point is based on 3 or more clones.
After tailbud, EVL cells cease to divide in the sp®! mutant. (C) Frames from a time-lapse recording, showing cell divisions still occur at 24 h in the EVL of wild-type
embryos (top panel) and spr‘”21 mutants (bottom panel). The Dual FUCCI transgene reports cells in the S/G2/early M phase of the cell cycle (blue) or in the G1 (G0)
phase of cell cycle (red). Wild-type cells take approximately 20 minutes to go from metaphase to the next S-phase; whereas mutants take about 1 hour. Scale bar is
10 um. (D) Frames from a time-lapse recording, showing that deep cells continue to divide at 5-somites (11.5 h) in wild-type embryos (top panel) and spr"®’ mutants
(bottom panel) using H2B-RFP mRNA (pseudo colored in green) shows that wild-type cells take approximately 15 minutes to get through mitosis, whereas mutants

take about 35 minutes. Scale bar is 5 pm.

development or in vivo. Here we show that the zebrafish mutant specter is
a mutation in cyclin B1. Lack of zygotic Cyclin B1 does not prevent cells
from entering new rounds of cell division. Rather, many mutant cells
cycle more slowly and spend longer in G2 and M phases of the cell cycle
and, of those, many enter apoptosis. We propose that although critical for
a healthy timely division, other cell cycle proteins in part fulfil the
function of Cyclin B1 to promote a cell through this portion of the cell
cycle, suggesting fail safe mechanisms for this ancient conserved process.

4.1. The specter mutant is caused by a mutation in cyclin B1

We mapped the spr mutant to cyclin B1, sequenced the mutant gene
and found a premature stop in exon 2 (Fig. 2). Rescue by the wild-type
mRNA was not successful, possibly because there was not enough wild-
type cyclin B1 mRNA left by the time its translation is required, com-
bined with the fact that Cyclin B1 protein is degraded every cell cycle
(Brandeis et al., 1998). Our result is not unprecedented because similar
attempts to rescue other cell cycle mutants in the laboratory, such as
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zombie (Kane et al.,, 1996), have proved unsuccessful (unpublished).
Where cell cycle mutants have been rescued, rescue was transient as
rescue of early mitotic inhibitor 1 mutants manifests during gastrulation
and declines by tailbud suggesting that these synthetic transcripts are
short lived (Zhang et al., 2008). In our case, the specter mutant phenotype
is not visible, some two hours after gastrulation (Fig. 1). An alternative
explanation for lack of rescue may be that the injected wild-type cyclin B1
mRNA does not go through the necessary post-transcriptional modifica-
tions. Harvey et al. (2013) showed that polyadenylation of the cyclin B1
3’ UTR during early cleavage stages is highest during mitosis. Perhaps
without a full 3’ UTR sequence the injected mRNA is not translated.

Making a CRISPR mutant that failed to complement spr?!, we
confirmed specter is a mutation in cyclin B1. The CRISPR mutant is the
result of a splice-site mutation which causes a gain-of-function phenotype
(Figs. 3 and 5). Unlike the nonsense mutation, the CRISPR mutant dis-
plays zygotic expression of cyclin B1, suggesting that in the spr*?! allele
nonsense-mediated decay occurs, supporting that spr'®?! is a null muta-
tion. However, even if its mRNAs were translated, the protein would only
have a truncated chromatin localization domain (Pfaff and King, 2013),
and no other essential domains (Bentley et al., 2007; Draviam et al.,
2001; Pfaff and King, 2013). Together these data support the idea that
spr2! is very likely a loss-of-function mutation in cyclin B1.

Developmental Biology 451 (2019) 167-179

Fig. 7. spr™?! mutant cells spend longer time in G2
and M phases. (A-B”") The same cells in wild type (A-
A") and mutant (B-B”) visualized with different
markers to distinguish between the stages of the cell
cycle at 24 h. Embryos were labeled for 1 hour with
BrdU and then fixed and stained for: anti-BrdU to
visualize cells in the S-phase (A, B); anti-GFP to visu-
alize Cerulean-Geminin cells in S/G2/early M phase
(A’-B’); and anti-pH3 antibody to visualize cells in
mitosis (A”, B”); or the merge (A", B”). Symbols are:
red arrows, cells that have gone through a full cell
cycle and reside in G1 phase; green arrows, cells that
have entered S phase; white arrows, cells that have
gone through the S phase and entered mitosis; pink
arrows, cells that have entered M phase but did not go
through S phase; blue arrows, cells that have entered
in the G2/early M phase. Scare bar is 50 ym. (C)
Quantification of cells in a specific phase of the cell
cycle from the data above.

WT

20.7%

1.3%
13.8%
29.4%

8.4%
16.6%
10.8%

Spr w2l

17.5% Ns
9.3%
46.9%
8.3%
3.7%
8.0%
63%

4.2. Therol allele causes a more severe phenotype than the null tu21 allele

We confirmed that spr?! is indeed a mutation in cyclin BI by creating
a CRISPR mutant. Surprisingly, this new mutant has a more severe
phenotype than the nonsense mutant. One hypothesis is that the tu21
allele is a hypomorph, which seems unlikely because like many nonsense
mutants its mRNA is degraded, and that the ro1 allele is the null. Another
hypothesis, however, is that the ro1 allele is acting in a recessive gain-of-
function fashion, blocking a compensatory mechanism when homozy-
gous to overcome the G2/M arrest. We favor this explanation because
although the spr’®! mutant phenotype is more severe than the nonsense
mutant, suggesting that it is a gain-of-function, it does not seem to have a
dominant interfering effect when heterozygous like other similar cell
cycle mutants in zebrafish such as cellular island (Yabe et al., 2009).
Recessive gain-of-function mutations are not common, but in C. elegans
and humans a number have been described. These include mutations in
degenerin causing neuronal degeneration in C. elegans (Garcia-Anoveros
et al., 1995; reviewed by Lester and Karschin, 2000), and mutations in
BRDT, a testis-specific gene, required for fertility in humans (Li et al.,
2017). The products of these genes contribute to multimeric proteins,
perhaps similar to Cyclin B1 which forms a complex with Cdk1 to create
Mitosis Promoting Factor.
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Fig. 8. spr mutants show signs of chromo-
some instability. DAPI staining and anti-
alphaTubulin staining in the wild-type em-
bryo (A-A"), the spr*?! mutant (B-E"), spr2Y/
I transheterozygote (F-H”), and the spr™®!
mutant (I-J”) at 24 h. Symbols are: red ar-
rows, chromosome separation defects; red
arrowheads, pyknotic nuclei suggestive of
cell death; white arrowheads, polar microtu-
bules; open white arrowheads, astral micro-
tubules; open white arrows, apoptotic
microtubules; white arrows, abnormal spin-
dle microtubule organization; dashed line,
expected spindle orientation; solid line,
observed spindle orientation. Scale bar is
10 pm.
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Notably, the spr°! mutant has an alternative splice site resulting in
several different transcripts, one of which skips exons 2 through 5,
remaining in frame (Fig. 4), and thus escaping nonsense-mediated
degradation. Conceptual translation of this spr®! product would pro-
duce a Cyclin Bl protein missing a part of the chromatin localization
domain, all of the destruction box, all of the cytoplasmic retention
domain, and a part of the Cdk1-binding domain. This would cause Cyclin
Bl to remain in the nucleus, while bound to Cdkl, and never getting
ubiquitinated. Failure of degradation should prevent exit from the G2/M
checkpoint, which would lead to apoptosis (Strauss et al., 2018). On the
other hand, an abnormal Cdk1-binding domain might also prevent suc-
cessful phosphorylation of nuclear caspases that prevent apoptosis (Allan
and Clarke, 2007; Plaster et al., 2006). It is possible this interfering
product outcompetes the wild-type maternal product once zygotic tran-
scription begins, explaining perhaps its earlier phenotype. Regardless, in
the rol allele, by the end of gastrulation EVL cells no longer divide, and at
early somite stages deep cells show signs of mitotic delay (Fig. 6). These
observations suggest that maternal supplies are likely too depleted to
sustain normal cell division some 12 hours later at 24 h (Fig. 8). sprmzj /rol

transheterozygote display similar phenotypes at 24 h (Fig. 8), where here
as well abnormal Cyclin B1 would be produced. This, unlike the sprﬂm
mutant, where lack of zygotic product can not interfere with any “po-
tential” remaining maternal supplies.

4.3. Loss of zygotic Cyclin B1 slows the cell cycle but does not stop it

Maternal cyclin BI transcripts are present at least until the mid-
blastula transition (Fig. 2D), providing the embryo with enough prod-
uct to develop before zygotic transcription is activated (Kane and
Kimmel, 1993). Many cell cycle mutants however, do not manifest a
phenotype until the onset of gastrulation (6 h) (Kane et al., 1996; Riley
etal., 2010; Song et al., 2004; Warga et al., 2016) some three or more cell
cycles past the mid-blastula transition, suggesting that the expression of
maternal transcripts sustain normal development up to this point. specter
mutants, on the other hand, develop normally for longer until approxi-
mately 7-somites (12 h), although this time varies and can be much later.
However, even after 24 h, cells still cycle, although the majority of cells
are predominantly in the G2 or M phase of the cell cycle, indicating that
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cells are delayed in these phases (Fig. 7). Therefore, it seems possible that
maternal input of cyclin B1 at a very low level sustains normal develop-
ment well into somitogenesis, but once this threshold falls, the cell cycle
is compromised.

This is consistent with observations in the crash-and-burn mutant,
carrying a mutation in the Mybl2b transcription factor (formerly known
as b-Myb), where cells also show signs of delayed mitosis by 15-somites
(Shepard et al., 2005). Mybl2b regulates progression through the G1 to S
phases of the cell cycle, and indirectly, progression through the G2 to M
phase of the cell cycle by upregulating cyclin B1. Knockdown of mybl2b
results in reduction of Cyclin B1 and Cdk1 expression (Okada et al., 2002;
Shepard et al., 2005). Like in the spr mutant, cells in the crash-and-burn
mutant exhibit abnormal mitotic spindles and unseparated chromosomes
(Shepard et al., 2005; Stern et al., 2005), however, unlike cells in the spr
mutant, none of these cells escape mitotic arrest and cell death likely
because of the absence of Mybl2b has far more severe effects on the cell
cycle.

Why does lack of Cyclin B1 stop cell division in the mouse but not in
zebrafish? Perhaps in zebrafish, low levels of maternal cyclin B1 tran-
scripts generate enough protein to sustain cell divisions well up to 24 h,
occluding the true loss-of-function phenotype. However, because Cyclin
B1 is degraded after each cell cycle (Brandeis and Hunt, 1996; Clute and
Pines, 1999), over time there would eventually be no more Cyclin B1
once maternal transcripts are degraded. Whether this happens by early
somite stages, like most cell cycle genes (Riley et al., 2010; Song et al.,
2004; Warga et al., 2016), is unclear, but unlike cyclin A and cyclin B2,
degradation of maternal cyclin B1 is not zygotically regulated (Audic
et al., 2001). Thus, even in the absence of a zygotic product like in the
tu21 allele or the expression of an altered zygotic product like in the ro1l
allele, maternal Cyclin B1 should clear normally, and most likely before
24 h.

Hence, we hypothesize that in zebrafish, another cell cycle protein
partially compensates for the absence of zygotic Cyclin B1. We know that
cyclin B2 mRNA is expressed maternally, and is ubiquitously distributed
throughout both, wild type and spr*?! mutants at 24h (T.P. unpub-
lished). Although current research in mouse shows little support for the
Cyclin B2 regulating the G2 to M transition (Strauss et al., 2018), in
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Fig. 9. Model of cell cycle progression in wild-type, spr*?! and spr°! mutants.
Cyclin B1 (CcnB1) forms an active mitosis promoting factor (MPF) with Cdk1 at
the end of the G2 phase as the Cyclin B1 threshold is reached. This complex is
then translocated to the nucleus to overcome the G2/M checkpoint and allow
entry into mitosis in wild type (WT). In the absence of functional zygotic Cyclin
B1 (spr“2l), the transition though the G2/M checkpoint still occurs. Perhaps
because another cell cycle protein forms a partly functional MPF with Cdkl,
allowing cells to divide. However, mitosis takes longer occasional with chro-
mosomal instability and subsequent apoptosis. In contrast, in the presence of an
altered Cyclin B1 protein (spr'®’), MPF forms, preventing other proteins from
binding to Cdk1, but this MPF is not functional and cells arrest at the G2/M
checkpoint or undergo apoptosis once maternal supplies of wild-type Cyclin B1
are depleted.
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Gl

Apoptosis
/ spr 2!
M Gl

Apoptosis
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human culture cells, Cyclin B2 partially compensates for absence of
Cyclin B1 by forming an active MPF with Cdk1 (Bellanger et al., 2007).
Therefore, it is possible in zebrafish that Cyclin B2 compensates for
Cyclin B1 to promote cell divisions in response to G2/M arrest. A further
possibility is that Cyclin A compensates for lack of Cyclin Bl as is
observed in human culture cell studies (Gong et al., 2010) (Fig. 9).
However, it should be noted that some mutant cells undergo successful
rounds of cell division, not all cells overcome lack of endogenous Cyclin
B1. This suggests a compensatory mechanism that is only partly effective,
and not sufficient for a completely normal cell cycle. This is in agreement
with previous studies on Cyclin B1 deficient cells in human culture cell
studies where cells show persistent lagging chromosomes and delayed
mitosis (Knoblich and Lehner, 1993; Nam and Van Deursen, 2014). We
also hypothesize that only when Cdk1 is prevented from binding to any
factor is the cell cycle really stopped (Fig. 9) as is seen, for the most part,
in the spr®! allele.

In summary, we show that Cyclin B1 is essential for normal cell cycle
progression. Yet lack of zygotic Cyclin B1 does not prevent cells from
dividing as expected, stopping them at the G2/M checkpoint. Instead,
cells slow down and continue to divide. Hence, our data argues there may
be more players than Cyclin Bl to coordinate mitotic entry in keeping
with the redundancy often seen in ancient conserved processes. In our
future work, we will examine the possibility that Cyclin B2 is one of those
players.
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