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LIN9 has been described as a regulator of G,/S and G,/M pro-
gression of the cell cycle in invertebrates and human cell lines.
To elucidate the in vivo function of LIN9 during vertebrate
development, we took advantage of the teleost zebrafish (Danio
rerio). By means of antisense morpholinos we show here that
Lin9-depleted embryonic cells accumulate in mitosis. Flow
cytometry and confocal microscopy data demonstrate that the
delay in mitotic progression is followed by apoptosis, which
strongly manifests in the developing central nervous system. In
accordance with these findings, we identified a cohort of Lin9-
regulated genes required for different mitotic processes, includ-
ing mitotic entry, metaphase/anaphase transition, and cytoki-
nesis. Our data establish LIN9 as an essential regulator of
mitosis in vertebrate development.

The transition from G; to S phase marks the starting point of
the eukaryotic cell to replicate its chromosomal set of DNA.
This event is followed by the G, period that prepares the cell for
mitosis, a process that results in the separation of the duplicate
chromosome set into two nuclei. The progression through the
cell cycle is regulated by multiple processes, including regulated
gene transcription. For example, E2F transcription factors play
a key role in the activation of S phase entry genes during the G,
phase of the cell cycle (reviewed in Ref. 1). Likewise, several
transcription factors are implicated to play a role in the activa-
tion of mitotic genes during S phase, among them NEF-Y,
B-MYB, and FOXM1 (2—4).

LINC/DREAM is a recently identified multiprotein complex
that is required for two transcriptional processes that act on cell
cycle regulation, namely repression of genes that drive G,/S
transition and activation of genes required for G,/M progres-
sion (3, 5, 6). LINC/DREAM consists of the core members
LIN9, LIN54, LIN37, LIN52, and RBAP48. Interestingly, LINC/
DREAM undergoes a dynamic and cell cycle-dependent switch
of subunits (7, 8). In G,/G;, the complex is associated with p130
and E2F4, whereas in late S phase it interacts with B-MYB and
activates G,/M promoters.
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LINC/DREAM is evolutionarily highly conserved. A DREAM-
like complex was first purified from Drosophila embryo lysates
and was named Myb-MuvB (MMB) or dREAM (for Drosophila
RBF-, dE2F2-, and dMyb-interacting proteins) (9, 10). Al-
though initially described as complexes involved in the repres-
sion of E2F target genes during fly development, a recent study
indicates that dREAM/Myb-MuvB also regulate the activation
of genes required for mitotic progression (11). Furthermore, a
related complex has also been identified in Caenorhabditis
elegans (12).

B-MYB, a subunit of the activating LINC complex in S phase
and G,, is essential for early mouse embryogenesis, and its short
hairpin RNA-mediated knockdown in murine ES cells results in
a delay of G,/M progression, mitotic spindle and centrosome
defects, and polyploidy (13, 14). In zebrafish, the bmyb loss-of-
function mutation crash&burn (crb) results in a similar pheno-
type. crb fish exhibit defects in spindle formation and show
genomic instability (15). crb embryonic cells accumulate in
G,/M, and down-regulation of cyclin B is at least in part caus-
ative for this delay in cell cycle progression.

We and others have shown that LIN9, a core subunit of
LINC, activates G,/M genes in human cells together with
B-MYB. Mice carrying an 84-amino acid N-terminal deletion
LIN9 have recently been generated (16). However, except for a
mild increase in body size, they do not show any obvious phe-
notype. Since highly conserved regions of LIN9 are still
retained, it is unlikely that A84 LIN9 represents a complete
loss-of-function protein. Thus, the role of LIN9 in vertebrate
development is still unclear.

To address the role of LIN9 in vertebrate development we
now used zebrafish as a model system. We found that /in9 is
essential for early zebrafish development. The loss of /in9 leads
to an accumulation of embryonic cells in mitosis and an
increase of apoptosis. Genome-wide gene expression analysis
shows that Lin9 regulates a cluster of genes required for mitotic
processes, among them the G,/M and the spindle assembly
checkpoint, chromosome segregation, and cytokinesis. Our
data suggest an overlap of B-MYB and LIN9 function through-
out vertebrate development and establish the latter as a critical
regulator of mitotic progression.

EXPERIMENTAL PROCEDURES

Morpholino and mRNA Injections—TUAB zebrafish were
maintained and staged as described (17, 18). The indicated
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times refer to hours postfertilization (hpf)* at 28.5 °C. Embryos
were kept in 1X Danieau solution (58 mm NaCl, 0.7 mm KCl, 0.4
mm MgSO,, 0.6 mm Ca(NO,),, 5 mm HEPES, pH 7.6, 0.0001%
methylene blue). Morpholinos (Gene Tools, Philomath, OR)
were designed against Danio rerio lin9 homolog (GenBank™
accession NM_001044946). The morpholino (MO) sequences
were as follows: MO-ATG, 5'-CTCGAGCTCCGCCATCTT-
GAATTAG-3’; MO-E1, 5'-GTTAGTTTTATTACTCACTC-
TCGTC-3'; 5-base mismatch morpholino MO-Elmis, 5'-
GTTACTTTTAATACTGACTGTCCTC-3'. The indicated
amounts of morpholinos were injected into one- or two-cell
stage embryos. To follow morpholino uptake, a small amount
(3.5 pmol) of fluorescein isothiocyanate-dextran (Sigma) was
cooinjected. For capped RNA synthesis, plasmids containing
full-length cDNAs for lin9 and ccnb1 (clone IRBOp991B0331D,
obtained from imaGenes (Berlin, Germany)) were used. Linear-
ized plasmids were transcribed in vitro with SP6 RNA polymer-
ase using the mMessage mMachine kit from Ambion (Austin,
TX).

RNA Isolation, Reverse Transcription (RT), PCR, and
Cloning—20 embryos were dechorionated, washed in PBS,
transferred to a 2 ml tube and homogenized in RLT buffer (Qia-
gen) with a micropestle. Total RNA was purified by means of an
RNeasy minikit (Qiagen) according to the manufacturer’s pro-
tocol. 0.65 pg of RNA were applied to RT by incubation with 0.5
pg of oligo(dT),., primer and 100 units of Moloney murine leu-
kemia virus reverse transcriptase (Promega) in a total volume of
25 pl. For end point PCR, we used the following primers: efla
(NM_131263, bases 415-969), forward (5'-TGATTGTTGCT-
GGTGGTGTT-3") and reverse (5'-GAGACTCGTGGTG-
CATCTCA-3'); lin54 (NM_001076567, bases 2037-2392),
forward (5'-AGGCTGCAACTGCAAGAAAT-3') and reverse
(5'-CCTGCGGTTGATTGGTAAGT-3'); bmyb (NM_
001003867, bases 797-1185), forward (5'-AGAACTGCCT-
GTCGAATGCT-3’) and reverse (5'-GACTCAGGATGGA-
TGGAGGA-3'); lin9 (NM_001044946, bases 502-1043),
forward (5'-AGTTGACCCGAGTTGAATGG-3') and
reverse (5'-CAGAGTCTCTCCGTCGGTTC-3'). For whole
mount in situ hybridizations, the PCR product generated
with the last pair of primers was TA-cloned into pCRII
(Invitrogen). Clones were obtained with inserts in sense and
antisense orientation. For amplification of full-length
zebrafish lin9, we used the following primers: forward, 5'-
TTTTGGATCCATGGCGGAGCTCGAGCAGCT-3'; re-
verse, 5'-TTTGCGGCCGCTCACGTTCTGTTGGTGTTG-
TTT-3". The PCR product was cloned into pcDNA3 via BamHI
and Notl restriction sites. Sequencing revealed that /in9 cDNA
differed from GenBank™ accession number NM_001044946
inbases 155 (G to T) and 434 (T to A), resulting in an alteration
of amino acid residue 39 (Gln to His). Quantitative PCR was
performed using ABsolute™ QPCR SYBR Green Mix
(ThermoScientific, Epsom, UK) and the Mx3000P real time
detection system (Stratagene, La Jolla, CA) using the
following primers: actb (NM_131031, bases 10-100),

2 The abbreviations used are: hpf, hours postfertilization; MO, morpholino; RT,
reverse transcription; PBS, phosphate-buffered saline; TUNEL, terminal
transferase-mediated dUTP nick end-labeling; qPCR, quantitative PCR.
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forward (5'-GATCTTCACTCCCCTTGTTCA-3") and re-
verse (5'-ATACCGGAGCCGTTGTCA-3"); pifl (NM_
198807, bases 1697—-1774), forward (5'-GCAGCTGCCACT-
CAAACTG-3') and reverse (5'-GAGATCTCCACACAAT-
CCAGAGT-3'); aspm (ENSDARTO00000105631, bases
1697-1774), forward (5'-GCCCTTAAATCAGCCAAGAA-
3") and reverse (5'-TTCTCTGCAGTTTTGCCCTAA-3');
top2a (NM_001003834, bases 2961-3034), forward (5'-CAC-
CACCATCGAGATCACAG-3') and reverse (5'-CCAACA-
CATTCTCCTTATAGGTCA-3"); cdc20 (NM_213080, bases
1317-1389), forward (5'-AATGCTTCCAGTGGCTCTTG-3')
and reverse (5'-TGGGTGCAAAAACAAGAGAAG-3'); 0ip5
(XM_001339446, bases 260 —335), forward (5'-GACTCTCTC-
GGCGTCTGC-3') and reverse (5'-CCATCACATCCTCAG-
TAACTTTCA-3'); bax (NM_131562, bases 312—418), forward
(5'-GCCCGTGAGATCTTCTCTGA-3") and reverse (5'-
TCAGGAACCCTGGTTGAAAT-3"); tnfb (NM_001024447,
bases 238 -312), forward (5'-GGTCAGAAACCCAACAGA-
GAA-3') and reverse (5'-CACTTTTCCGTGGTCTGAGG-3').
Triplicate mean values were calculated according to the ct
quantification method using the actb transcript level as refer-
ence for normalization (19).

Whole Mount in Situ Hybridization—pCRII-lin9 vectors
(see “RNA Isolation, Reverse Transcription (RT), PCR, and
Cloning”) were linearized with Xhol. pifl (NM_198807,
bases 168 —810), aspm (ENSDART00000105631, bases 621—
1370), top2a (NM_001003834, bases 3785-4401), and 0ip5
(XM_001339446, bases 40— 646) templates were amplified
from cDNA with reverse primers providing the SP6 pro-
moter sequence. [n vitro transcription was performed using
SP6 polymerase and the DIG RNA labeling kit (Roche
Applied Science), according to the manufacturer’s instruc-
tions. Whole mount in situ hybridization was carried out as
previously described (17). Nitro blue tetrazolium/bromo-4-
chloro-3-indolyl phosphate (Roche Applied Science) served
as a substrate for color development.

Flow Cytometry—Upon removal of the chorion, 10 embryos
were washed in PBS and transferred to a collection tube.
Embryos were homogenized with a micropestle in Dulbecco’s
modified Eagle’s medium + 10% fetal calf serum at 4 °C, passed
through a 30-um filter (Beckman Coulter), collected in a 15-ml
tube, and centrifuged at 1200 rpm at 4 °C. Cells were washed
once in PBS and stained in DNA buffer (100 mm Tris, pH 7.5,
154 mM NaCl, 1 mm CaCl, 0.5 mm MgCl, 0.2% bovine serum
albumin, 0.1% Nonidet P-40, 250 ug/ml RNase, 30 ug/ml pro-
pidium iodide) for at least 30 min at 4 °C in the dark. DNA
content was analyzed with a Cytomics FC 500 (Beckman
Coulter) flow cytometer.

Apoptosis Detection—72-h zebrafish embryos were incubated
for 30 min in 5 pug/ml acridine orange in PBS and subsequently
washed twice for 20 min in PBS at room temperature. For
microscopic examination embryos were transferred into ice-
cold PBS, 0.01% 3-aminobenzoic acid ethyl ester methane sul-
fonate. Terminal transferase-mediated dUTP nick end-labeling
(TUNEL) assays were performed as described elsewhere (20).

Confocal Microscopy—Embryos were fixed and prepared as
described previously (21). For DNA staining, embryos were incu-
bated in 10 ug/ml Hoechst (PBS) for 30 min. For imaging, Leica
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FIGURE 1. lin9 is expressed throughout zebrafish development. A, whole mount in situ hybridization was
carried out at the indicated hpf with an antisense and sense probe for lin9. Arrowheads mark the optic tectum.
B, semiquantitative RT-PCR at the indicated stages reveals that /in9, lin54, and bmyb transcripts are present

during embryogenesis before and after the midblastula transition (MBT).

(Wetzlar, Germany) SP2 and SP5 inverted confocal systems were
used. The resulting multidimensional stacks were analyzed using
Image] version 1.41 (National Institutes of Health) and Volocity
4/5 (Improvision, Coventry, UK) software.

Gene Expression Analysis—20 embryos/condition (MO-E1;
MO-E1mis) were pooled for RNA purification 24 h postfertil-
ization. Using the two-color Quick-Amp Labeling Kit (catalog
number 5190-0444; Agilent), 100 ng of total RNA were used for
c¢DNA synthesis, mRNA amplification, and labeling according
to the manufacturer’s instructions. Transcriptional profiling
was done on a zebrafish oligonucleotide array (catalog number
G2519F AMADID 019161; Agilent) in a 4 X 44,000 slide format
and analyzed as described before (22). Expression data and gene
annotations were stored in Array Express (available on the
World Wide Web) (accession number A-MEXP-1510), which
complies with MIAME (minimal information about a microar-
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showing at least a 1.6-fold change
were chosen.

RESULTS

lin9 Is Expressed throughout
Zebrafish Embryonic Development—
To analyze [in9 expression in
zebrafish embryogenesis, we per-
formed whole mount iz situ hybrid-
ization on paraformaldehyde-fixed
embryos at 0.45, 16, 32, and 48 h
postfertilization (2-cell, 14-somite,
Prim-16, and Long-pec stage,
respectively). The probe was
- T designed targeting bases 502—-1043
S of [in9 mRNA (NM_001044946).
: Blast analysis, even under lowest
stringency conditions, did not
reveal any target other than /in9.
Transcripts of /in9 were detected
throughout embryogenesis. Expres-
sion was ubiquitous at the first
embryonic day and became
restricted to the head region, most
notably to the optic tectum of the
mesencephalon at later stages of
development (Fig. 14). Because the
lin9 message is already present at
the two-cell stage and because
zebrafish  zygotic transcription
arises at the midblastula transition
(1000-cell stage), these data indicate
that /in9 is a maternally derived
transcript. We independently con-
firmed these results by RT-PCR
analysis (Fig. 1B8). Other members of
the LINC complex, namely lin54
and bmyb, are also expressed during
early  zebrafish embryogenesis
(Fig. 1B).

lin9 Is Essential for Early Zebrafish Development—To ana-
lyze the role of /[in9 in early zebrafish development, we designed
an antisense MO that targets the splice donor site of exon 1 of
the /in9 transcript (MO-E1; Fig. 2A4). To confirm that MO-E1
indeed inhibits the correct splicing of the /in9 message, we
microinjected 7 ng of MO-EL1 into the yolk of one- or two-cell
stage embryos and analyzed the /in9 message by semiquantita-
tive RT-PCR 3 days later. As shown in Fig. 2B, the band corre-
sponding to the spliced /in9 message is strongly reduced upon
injection of MO-EL. In addition, a shorter message that arises
from the use of a cryptic splice site can be detected in MO-E1-
injected zebrafish embryos. We further confirmed both PCR
products by sequencing. A schematic representation of the
cryptic variant is depicted in supplemental Fig. 1.

Next, we microinjected embryos with MO-E1 and followed
their development. In order to exclude off-target or secondary

lin9

lin54
bmyb

efla
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FIGURE 2. lin9 is essential for zebrafish development. A, schematic representation of the unspliced /in9
transcript. Morpholino targeting sites (lines) and binding sites for PCR primer (arrows) are indicated. B, injection
of MO-E1 (7 ng) prevents splicing of intron 1 or results in a cryptic splice variant. Semiquantitative RT-PCR was
conducted 72 hpf. C, lin9 morphants display small head and eyes, cardiac edema, and trunk curvature. A 5-base
mismatch morpholino (MO-E1mis) did not evoke developmental defects. Images were taken 72 hpf.

TABLE 1
Summary of mopholino and mRNA injections
. s.h? » Percentage
Morpholino Amount mRNA n (+curvature) WT of WT
ng %
ATG 15 120 116 4 33
ATG 7 87 43 44 50.6
El 15 99 97 2 2.0
El 7 78 69 9 11.5
El 3.4 104 73 28 26.9
El 3.4 LIN9 (0.2ng) 50 23 27 54
Elmis 15 100 1(+3) 96 96
Elmis 7 68 0(+1) 67 98.5
% Small head.
bWT, wild type.

effects, we included a control morpholino (MO-E1mis) in our
experiments. MO-Elmis differs from the E1 morpholino in 5
bases (see “Experimental Procedures”). MO-Elmis-injected
embryos developed virtually identically compared with unin-
jected wild type embryos. In stark contrast, at day 2 of develop-
ment, MO-El-injected zebrafish embryos (morphants) had
slightly smaller heads than uninjected or control-injected
embryos. At day 3, in almost all /in9 morphants, a stronger
phenotype was evident. Specifically, ME-E1-injected embryos
had a small head, small eyes, pericardial edema, and a strong
trunk curvature (Fig. 2C). When we tested various amounts of
MO-E1, we found that 3.4 ng was sufficient to induce the mor-
phant phenotype in 73.1% of all embryos (Table 1). Higher
doses of the morpholino increased the fraction of zebrafish with
the morphant phenotype but did not alter the phenotype.
Importantly, however, when embryos were coinjected with 3.4
ng of MO-E1 and 0.2 ng of in vitro transcribed /in9 mRNA, only
46% of the embryos showed the morphant phenotype, strongly
suggesting that the phenotype arises due to the inhibition of
lin9 expression. Injection of /in9 mRNA alone did not result in
phenotypical alterations (data not shown). Furthermore, a sec-
ond /in9-specific morpholino (MO-ATGQ) that is predicted to
interfere with the translation of the /in9 message showed the
same phenotype as MO-E1 (Fig. 2C). Since two morpholinos
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was partially rescued by the lin9
mRNA, we conclude that the mor-
phant phenotype is due to the loss of
Lin9.

Lin9 Regulates the Embryonic
Cell Cycle—Next, we analyzed the
embryonic cell cycles of [in9 mor-
phant embryos by flow cytometry
30 and 48 h after fertilization.
Injection of both [in9-specific
morpholinos, but not MO-Elmis,
resulted in a decrease of cells in G,
and an increase of cells with a
G,/M DNA content (Fig. 34). In
addition, a large number of cells
with a sub-G; DNA content were
detected in /in9 morphants, sug-
gesting that cells undergo apopto-
sis or necrosis upon loss of Lin9.
Taken together, these results demonstrate that loss of Lin9
leads to an accumulation of cells in G,/M and an increase of
cell death during zebrafish embryogenesis.

Apoptosis and Accumulation of Mitotic Cells in lin9 Mor-
phant Brains—The number of cells with a sub-G; DNA content
strongly increased in /in9 morphants between 24 and 48 h after
fertilization (Fig. 4C). To further analyze cell death in /in9 mor-
phants, we used acridine orange to visualize apoptotic areas
under the fluorescence microscope in 72-h-old zebrafish
embryos. As shown in Fig. 44, the olfactory regions of unin-
jected and control injected (E1mis) embryos were stained by
acridine orange, indicating physiologically occurring apoptosis
(23). Strikingly, in /in9 morphant brains, fluorescence-positive
areas were much more widely distributed compared with con-
trol embryos, suggesting massive apoptosis in the developing
brain upon loss of Lin9. To independently confirm apoptosis in
the morphants, we made use of the TUNEL assay (Fig. 4B).
These experiments confirmed enhanced apoptosis in the heads
of 48 h morphants, most strikingly in the central nervous sys-
tem and olfactory region.

To further substantiate this observation, we took confocal
images of Hoechst-stained embryonic nuclei 30 h after fertili-
zation. We noticed a plethora of apoptotic bodies in brains of
lin9 morphant embryos but not in control embryos. Overall,
about 20% of all nuclei showed an abnormal morphology,
including nuclear shrinkage and fragmentation, which are
known features of programmed cell death (Fig. 5, bottom). Sec-
ond, quantification revealed a more than 3-fold higher number
of mitotic cells in the developing brain of morphant embryos
compared with uninjected embryos. This suggests that the
increase in the fraction of cells in G,/M observed by fluores-
cence-activated cell sorting analysis is, at least in part, due to
accumulation of cells in mitosis. Importantly, the increase in
apoptotic and mitotic cells was also observed in the developing
brains of zebrafish embryos injected with MO-ATG (supple-
mental Fig. 2). Taken together, these findings indicate that

MO-E1mis
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FIGURE 3. Cell death and G,/M delay in /in9 morphants. Embryos were injected with 7 ng of indicated morpholinos. At 30 and 48 hpf, clutches of 10 embryos
were homogenized. For DNA content analysis, cells were stained with propidium iodide and analyzed by flow cytometry. MO-ATG and MO-E1 evoke an
increase of cell number in G,/M 30 hpf compared with uninjected or control (MO-E1mis)-injected embryos. The amount of dead cells (<2n) increases from 30

to 48 hpf in the morphants.

developing cells in the zebrafish brain undergo apoptosis upon
loss of Lin9, possibly preceded by mitotic defects.

Lin9 Regulates a Cohort of Genes Required for Mitosis—Be-
cause in human cells, LIN9 regulates the expression of genes
that are required for entry into mitosis, including cyclin B1 (3,
6), we next asked whether inhibition of cyclin B1 is responsible
for the observed phenotype. To address this possibility, we first
analyzed the expression of cyclin B1 in /in9 morphants by RT-
qPCR. Cyclin B1 was indeed slightly down-regulated in MO-
ATG as well as in MO-E1 morphant embryos (Fig. 6A4). Next,
we asked whether cyclin B1 expression can restore a normal cell
cycle profile in /in9 morphants. To address this question, we
coinjected MO-E1 with in vitro transcribed cyclin B1 mRNA.
As a positive control, we coinjected MO-E1 with /in9 mRNA.
As expected, [in9 mRNA greatly reduced both cell death and
G,/M accumulation when coinjected with MO E1 (Fig. 6B).
However, cyclin Bl mRNA neither rescued the accumulation of
cells in G,/M nor prevented the apoptosis upon injection of
MO-E1. These observations indicate that inhibition of cyclin
Bl is not sufficient to explain the /in9 morphant phenotype.
Therefore, we performed genome-wide gene expression analy-
sis using a zebrafish oligonucleotide microarray to identify
genes regulated by Lin9 during zebrafish development. We
compared gene expression profiles of morphant (E1) and con-
trol-injected (Elmis) embryos 24 h after fertilization, a time
when cell cycle defects first become detectable by flow cytom-
etry (data not shown). The microarray analysis identified 109
genes that were down-regulated and 49 genes that were up-reg-
ulated more than 1.6-fold in the /in9 morphants (Fig. 7 and
supplemental Fig. 3). Interestingly, although genes required for
the G, /S transition were not affected by the inhibition of Lin9,
at least 25% of the down-regulated genes function in mitosis
(Fig. 7A and supplemental Fig. 3). These genes encode for pro-
teins required for entry into mitosis, spindle assembly, centro-
some formation, metaphase/anaphase transition, and cytokine-
sis (Fig. 7B).
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We next used RT-qPCR to validate regulation of selected
genes identified in the microarray experiment (Fig. 7C). As a
control, we also included c¢cDNA from uninjected and
MO-ATG-injected embryos. The expression levels of all genes
tested, including pifI, aspm, top2a, and oip5, were down-regu-
lated in both MO-E1 and MO-ATG morphant zebrafish com-
pared with control injected (E1mis) and uninjected embryos.
To independently confirm these results, we performed whole
mount in situ hybridization on 24 h MO-E1- and MO-Elmis-
injected embryos with probes directed at pifI, aspm, top2a, and
o0ip5 (Fig. 7D). As expected, MO-E1-injected embryos displayed
a weaker signal for all probes compared with MO-Elmis
embryos. These results together with the findings presented
above support a role for Lin9 in the regulation of mitotic pro-
gression during zebrafish development.

Although we detected enhanced apoptosis in Lin9-deficient
embryos (Figs. 4 and 5), we did not detect a significant enrich-
ment of apoptosis-related genes in the microarray experiment.
However, one apoptosis-related gene up-regulated in lin9
morphants is tnfb (supplemental Fig. 3). Tnfb is a member of
the tumor necrosis factor superfamily and shows 51% simi-
larity with human LTA/TNFB. RT-qPCR showed that tnfb is
up-regulated at least 1.7-fold in both MO-E1- and
MO-ATG-injected embryos. We also analyzed the expres-
sion of bax, a proapoptotic and bona fide p53 target gene
(supplemental Fig. 4). In contrast to tnfb, bax expression was
unaltered in /in9 morphants.

DISCUSSION

Here, we made use of the zebrafish as a vertebrate model,
whose rapid embryogenesis ex utero allowed us to study the
in vivo function of /in9 by morpholino injection. Loss of Lin9
causes an increase of cell number in mitosis, which is most
likely ascribed to the down-regulation of a cohort of mitotic
genes we identified by gene expression analysis. LIN9-de-
pendent genes regulate different mitotic processes. For
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instance, KIFC1 and KIF11 are
kinesins required for proper spin-
dle formation (24, 25), whereas
KIF20B/MPP1 and KIF23 exert
their function in cytokinesis (26 —
28). CDC20 and UBCHIO are
known regulators of the anaphase-
promoting complex (29, 30).
CDC14 dephosphorylates securin,
which in turn allows the ubiquiti-
nation of securin by the anaphase-
promoting complex (31). Thus,
CDC14 promotes securin destruc-
tion and consequently activation
of separase, ultimately leading to
sister  chromatid  separation.
NUSAP (nucleolar and spindle-as-
sociated protein) is ubiquitinated
by the anaphase-promoting com-
plex, and its depletion results in aber-
rant mitotic spindles, defective chro-
mosome segregation, and cytokinesis
(32, 33). Recently, Sunkel and
co-workers  (34) reported that
TOP2A positively regulates Aurora
B kinase activity, thereby ensuring
proper sister chromatid separation.
Furthermore, RNA interference-
mediated knockdown of TACC3 in
HelLa cells results in a reduction of
Aurora B kinase and BUBRI levels
at the kinetochores (35). Taken
together, the majority of newly
identified targets of LIN9 are
involved in various mitotic pro-
cesses, including a preference for
the metaphase/anaphase switch.

LINO9 has been reported as a repres-
sor of genes required for G,/S transi-
tion in human cells (5). The fact that
lin9 morphants show a reduced
amount of cells in G; might point to
this repressive function (Fig. 3). How-
ever, one would expect an increase in
the amount of S phase cells if Lin9
depletion shortens the G; phase.
Since this is not the case and since we
found that /in9 morphant cells accu-
mulate in mitosis, we assume that the
decrease of cell number in G, is
explained by the increase in G,/M.
Thus, Lin9 is mainly required for
mitosis and not the G, /S phase of the
cell cycle. This conclusion is further
supported by the fact that we did not
identify G,/S-regulatory genes in our
microarray approach (supplemental
Fig. 3).
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The cooperation of LIN9 and B-MYB as members of the
LINC/DREAM complex in S phase has been reported for
human cells and invertebrate models as well (3, 11). Hence, we
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expected that both proteins also
conjointly regulate cell cycle genes
during zebrafish development.
Indeed, we find a clear overlap of the
lin9 morphant phenotype with the
bmyb loss-of-function mutant crb.
Aspm, cdc2, cdc20, tacc3, kif23,
kifl1, anln, and oip5 are down-reg-
ulated in both bmyb- and lin9-defi-
cient embryos (15). Furthermore,
crb embryos display an accumula-
tion of cells in G,/M, increased apo-
ptosis, and small heads. However,
cyclin B mRNA injection partially
rescued the crb but not the lin9
morphant phenotype (15). It is
thinkable that B-Myb only partially
relies on Lin9 in gene activation, and
in turn, Lin9 might regulate some
G,/M genes independently of
B-Myb. A complete loss-of-func-
tion mutation of /in9 might finally
unravel the degree of Lin9 and
B-Myb cooperation in zebrafish
development.

We found the most striking phe-
notypic outcome of /in9 morphants
in the central nervous system (i.e. an
unusually high number of mitotic
cells and apoptotic bodies) (Fig. 5
and supplemental Fig. 2). This phe-
notype is consistent with the
expression of [in9 in zebrafish
development. During the pharyn-
gula period (24 — 48 hpf), the highest
lin9 transcript levels were detected
in the optic tectum. Given that the
optic tectum represents a highly
proliferative area during early stages
of zebrafish embryogenesis, we
speculate that expression of [in9 is
functionally connected with its
requirement in embryonic cell cycle
regulation (36, 37).

Cell cycle abnormalities are first
detectable at the end of the segmen-
tation period (22-24 h after fertili-
zation) in [in9 morphants. These
effects seem to be relatively late
compared with other vertebrates
but are not surprising given that the
embryo derives an abundant level of
maternal factors that ensure devel-
opment even after the initiation of
embryonic gene expression (38).

Interestingly, loss-of-function mutations in the majority of
essential genes in zebrafish result in cell death of the developing
central nervous system, including the Lin9 target genes kif23,
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kif11, cdc2, plkl, and top2a (39). Therefore, lin9 is essential for
embryogenesis, because it activates factors that themselves reg-
ulate essential cellular processes.

We do not know when /in9 morphant cells exit the cell cycle
to undergo apoptosis and whether this depends on failures in
mitotic progression. However, our flow cytometry data show
that the mitotic delay is first detectable shortly before apoptosis
arises (data not shown). We therefore speculate that the delay
in mitotic progression precedes apoptosis. Clearly, further
experiments are necessary to define the pathways that lead to
apoptosis upon inhibition of /in9.
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