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NF-«xB and Snailla coordinate the cell cycle

with gastrulation
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he cell cycle needs to strictly coordinate with devel-

opmental processes to ensure correct generation of

the body plan and different tissues. However, the
molecular mechanism underlying the coordination re-
mains largely unknown. In this study, we investigate how
the cell cycle coordinates gastrulation cell movements in
zebrafish. We present a system to modulate the cell cycle
in early zebrafish embryos by manipulating the geminin-
Cdt1 balance. Alterations of the cell cycle change the
apoptotic level during gastrulation, which correlates with

Introduction

During the developmental transition from a single-celled zygote
to a mature biological organism, numerous cell division and dif-
ferentiation events take place, resulting in embryonic growth
and the formation of different tissues. Cell differentiation and
tissue formation must be coordinated with the cell cycle to guar-
antee correct spatial and temporal generation of the body plan
as well as functional organs. Gastrulation is an early develop-
mental process leading to formation of three germ layers, endo-
derm, mesoderm, and ectoderm, involving a series of cellular
movements (Stern, 2004). In zebrafish, gastrulation starts with
internalization of mesendodermal progenitors in the dorsal/
axial regions of the germ ring by single-cell delamination. Then,
the delaminated cells start to migrate underneath the epiblast
toward the animal pole as well as the midline, thus forming the
mesendodermal cell layer (Warga and Kimmel, 1990; Montero
and Heisenberg, 2004).

Snail, a zinc finger transcriptional repressor, is important
for cell delamination and migration, which are critical mesendo-
dermal cell movement events during gastrulation. Both Dro-
sophila snail mutants and zebrafish embryos injected with a
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the nuclear level of antiapoptotic nuclear factor kB (NF-«B).
NF-kB associates with the Snailla promoter region on
the chromatin and directly activates Snailla, an impor-
tant factor controlling cell delamination, which is the ini-
tial step of mesendodermal cell movements during
gastrulation. In effect, the cell cycle coordinates the de-
lamination of mesendodermal cells through the tran-
scription of Snailla. Our results suggest a molecular
mechanism by which NF-kB and Snail1a coordinate the
cell cycle through gastrulation.

morpholino oligo against Snailla (SnaillaMO) display severe
defects in gastrulation cell movements (Ip and Gridley, 2002;
Yamashita et al., 2004; Blanco et al., 2007). In Drosophila,
Snail is activated by Twist, a basic helix-loop-helix transcrip-
tion activator, and Dorsal, a maternal transcription factor that is
the Drosophila homologue of the vertebrate nuclear factor kB
(NF-kB) subunit p65/RelA (Jiang et al., 1991; Ip et al., 1992;
Ip and Gridley, 2002).

After dissociation from the inhibitory IkB/cactus and sub-
sequent nuclear translocation, NF-kB can activate not only Snail
but also antiapoptotic factors like the Bcl-2 family in response to
apoptotic stimuli (Zong et al., 1999). In most vertebrates, includ-
ing zebrafish, apoptosis is not seen before gastrulation but there-
after plays a major role in shaping and sculpting the embryo
(Negron and Lockshin, 2004; Penaloza et al., 2006). The nearly
simultaneous appearance of apoptosis and gastrulation cell move-
ments implies a possible molecular link between these two
events. Actually, inhibition of NF-kB function with dominant-
negative IkBa in zebrafish leads to defective notochord develop-
ment (Correa et al., 2004).

Cdtl, a DNA replication initiation factor, is required for
loading of the minichromosome maintenance (MCM) complex
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onto chromatin to assemble the prereplicative complex (Bell
and Dutta, 2002). Once the DNA replication is initiated, DNA
replication must remain inhibited within the same cell cycle to
maintain the genetic stability of an organism. Geminin accu-
mulates in the nucleus from early S phase to the end of mitosis
and directly binds to Cdtl, sequestering Cdtl from binding to
the MCM complex and DNA, and preventing resynthesis of
DNA (McGarry and Kirschner, 1998; Wohlschlegel et al.,
2000; Tada et al., 2001; Yanagi et al., 2002). In higher eukary-
otes, geminin serves as a major DNA replication safeguard
(Melixetian and Helin, 2004), and the balance between gemi-
nin and Cdtl levels is critical for cell cycle control (Saxena
and Dutta, 2005). In Xenopus laevis egg extracts, the stoichi-
ometry of the Cdtl-geminin balance regulates its activity
(Lutzmann et al., 2006).

Progression through the cell cycle is incompatible with
certain types of cell behavior like cell migration, adhesion, and
changes in cell shape. In Drosophila, a serine/threonine kinase,
Tribbles, inhibits the cell cycle in the prospective mesoderm by
counteracting the activity of the protein phosphatase Cdc25/
String. This Snail-dependent cell cycle inhibition allows cell shape
changes important for mesodermal development (Grosshans and
Wieschaus, 2000; Seher and Leptin, 2000). However, the mo-
lecular mechanism underlying the coordination of the cell cycle
with gastrulation is unclear. In this study, we establish a system
to modulate the cell cycle in early zebrafish embryos by manip-
ulating the geminin-Cdt1 balance. Modulations of the cell cycle
in gastrulating embryos alters patterns of apoptosis, which fur-
ther corresponds to abnormal activation of NF-kB that has an
antiapoptotic function. The abnormal level of nuclear and active
NF-kB alters the transcription of Snailla, thus leading to de-
fects in cell delamination at the marginal zone. Because it is the
initial step of mesendodermal cell movements during gastrula-
tion, defective cell delamination results in aberrant mesendo-
dermal cell movements. Our results suggest a mechanism
underlying the coordination of the cell cycle with mesendo-

dermal cell movements during gastrulation, involving apoptosis,
NF-kB, and Snailla.

To investigate the mechanism underlying coordination of the
cell cycle with gastrulation, we first established a tool to manip-
ulate the cell cycle in gastrulating embryos. cDNAs encoding
zebrafish geminin and Cdtl were isolated using cDNA prepared
from the shield stage zebrafish embryos. Zebrafish Cdtl has
678 amino acids with 49%, 41%, and 42% respective identity to
the proteins in Xenopus, mouse, and human, whereas zebrafish
geminin consists of 241 amino acids with 54%, 46%, 39%, and
39% identity to geminin proteins in medaka, Xenopus, mouse,
and human, respectively (Fig. S1, A and B). At the shield stage,
geminin transcripts were uniformly detected, whereas Cdtl was
more enriched in the dorsal region of the embryo (Fig. S2), sug-
gesting that cells in the dorsal region might possess higher pro-
liferative activity.

Overexpression and knockdown of geminin in medaka
fish were previously reported to decrease and increase the num-
ber of mitotically active cells, respectively (Del Bene et al.,
2004). To analyze the effect of manipulating the geminin-Cdtl
balance on the cell cycle in gastrulating zebrafish embryos, gemi-
nin and Cdtl levels were altered by mRNA overexpression or
knockdown with specific antisense morpholino oligos (Fig. S3 A,
GemMO and CdtIMO). Mitotically active cells were marked
using antibodies against phosphorylated histone 3 (H3P) at the
shield stage (Fig. 1, A-E). In contrast to embryos injected with a
control morpholino (ConMO), injection of GemMO or Cdt!
mRNA increased the number of mitotically active cells. On the
contrary, geminin overexpression or Cdtl knockdown decreased
the number of mitotically active cells. To investigate whether
these effects on the cell cycle were dependent on direct interaction

A — |B C D
ConMO H3P| GemMO H3P|Gem mRNA H3P] Cdt1MO H3P

E F G
Cdt1 mRNA H3P|Gem*mRNA  H3P|MCM5MO H3P

Figure 1. Manipulations of the geminin—Cdt1 balance, MCM5, or p21 function result in modulations of the cell cycle. (A-F) Geminin and Cdt1 reciprocally
direct the cell cycle. In contrast to embryos injected with ConMO (A) or Gem* mRNA (F), the number of mitotically active cells marked by H3P staining was
increased in GemMO (B)-, Cdt] mRNA (E)-, or p21MO (H)-injected embryos but decreased in geminin (Gem) mRNA (C)-, Cdt1MO (D)-, or MCM5MO
(G)-injected embryos. The shield stage embryos were viewed from the animal pole with the dorsal side to the right. Bar, 100 pm.
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of geminin and Cdtl, a full-length mutated geminin (Gem®), in
which five highly conserved amino acids responsible for Cdtl
interaction (Fig. S1 B, asterisks; Lee et al., 2004; Saxena et al.,
2004) were mutated to alanine, was constructed (Fig. S3 B). The
number of H3P-positive cells in embryos injected with Gem*
mRNA was similar to that in the control (Fig. 1 F). Knockdown
of another cell cycle regulator, MCM protein 5 (MCMS5), a sub-
unit of the MCM complex that is required for the assembly of
the prereplication complex, resulted in a decreased number of
H3P-positive cells (Fig. 1 G). Knockdown of p21, a CDK inhib-
itor, offered a completely different means to modulate the cell
cycle (Fig. 1 H). Similar cell cycle regulatory effects were ob-
served in the 70% epiboly and 90% epiboly stage embryos when
the geminin—Cdtl balance was manipulated (not depicted).
These results indicate that the balanced interaction of geminin
and Cdtl is critical for cell cycle regulation, such that perturba-
tion of the balance allows positive and negative modulations of
the cell cycle in gastrulating embryos.

=

Gem mRNA
|

Modulation of the cell cycle leads to
defective mesendodermal cell movements by
affecting cell delamination

To address the effect of cell cycle modulation on zebrafish gas-
trulation, we examined the phenotype of embryos injected with
GemMO. At the bud stage, the end of gastrulation, GemMO in-
jection resulted in reduced extension of the anterior-posterior
axis (Fig. 2, A and B) and was specifically rescued by coinjec-
tion of a GemMO-resistant geminin (mrGem) mRNA encoding
full-length geminin protein but with a nine-base mismatch to
GemMO (not depicted). The shortened anterior-posterior axis in
embryos injected with GemMO suggested defective mesendo-
dermal cell movements. This assumption was tested by examin-
ing the position of goosecoid (gsc)-expressing anterior-most axial
mesendodermal cells that will give rise to the prechordal plate.
At the 80% epiboly stage, the anterior boundary of prechordal
plate precursor cells in embryos injected with GemMO or Cdt]
mRNA was posterior to that in controls (Fig. 2, C, D, and H).

Figure 2. Modulations of the cell cycle change mesendo-
dermal cell movements. (A and B) Gastrulation pheno-
type caused by GemMO. Note the shortened body axis
in embryos injected with GemMO. Arrowheads mark
the anterior boundary of hypoblast. (C-H) Modulations
of the cell cycle change the position of gsc-expressing
cells in the 80% epiboly embryos. Arrowheads mark
the anterior boundary of the gsc-expressing domain.
(I) Schematic representation of the cotransplantation assay.
Green and red indicate transplanted green and red
fluorescent donor cells, respectively. (J-Q) The cell cycle
coordinates mesendodermal cell movements through
apoptosis and Snailla. Similar to the transplanted cells
with p21 knocked down (O), GemMO led to delayed
movements of transplanted cells (J), which was rescued
by mrGem mRNA (K), Cdt1MO (M), and SnailTa mRNA
(Q) but not by Gem* mRNA (L). Transplanted cells over-
expressing geminin dispersed in the acceptor embryo
(N), which was rescued by the coinjection of p53MO in
donor embryos (P). Bars, 100 pm.
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Gsc was completely lost when a high dose of geminin mRNA
was injected (Fig. 2 E), whereas a low dose of geminin mRNA
and CdtIMO led to an expanded gsc domain with the anterior
boundary comparable with control (Fig. 2, F and G).

To further investigate the effects of cell cycle modulations
on mesendodermal cell movements, prechordal mesendodermal
precursor cells from the embryonic shield of cell cycle-modulated
and control (ConMo injected) donor embryos were cotransplanted
into the embryonic shield of a wild-type acceptor embryo. Posi-
tions of transplanted cells were subsequently examined at the end
of gastrulation (Fig. 2 I and Table S4). In contrast to the control
prechordal mesendodermal cells that migrated anteriorly to the
animal pole, migration of cells with decreased geminin expression
was strongly delayed (Fig. 2 J). This mispositioning of prechordal
plate cells coincided with the shortened anterior-posterior axis at
the bud stage (Fig. 2 B) and cyclopia/synophthalmia or decreased
interoptic distance phenotypes at 36 h postfertilization (hpf) in
embryos injected with GemMO (Fig. S4). The aberrant position-
ing of transplanted cells caused by GemMO was rescued by co-
injection of either mrGem mRNA or CdtIMO but not Gem*
mRNA (Fig. 2, K-M). Transplanted geminin-overexpressing cells
lost axial prechordal mesendodermal cell characteristics and were
dispersed in the acceptor embryos (Fig. 2 N), which is consis-
tent with the loss of gsc in embryos overexpressing geminin
(Fig. 2 E). If the cell cycle of donor cells was modulated by in-
jection of p21MO, delayed movements of transplanted cells
were also observed (Fig. 2 O). Collectively, these data suggest
that alterations of the cell cycle change mesendodermal cell
movements during gastrulation.

Cell delamination is the initial step of mesendodermal cell
movements during gastrulation. To test whether modulations of
the cell cycle change mesendodermal cell movements during
delamination, cell delamination within the embryonic shield and
subsequent movements were visualized by live cell imaging.
In embryos injected with ConMO, cells delaminated and moved
toward both the epiblast layer and the animal pole (Video 1
and Table S1). In contrast, although cells within the delamina-
tion region in embryos injected with GemMO still moved to-

ConMO

F G

Gem* mRNA TUNEL MCM5MO

TUNEL p21MO

TUNEL Gem mRNA TUNEL Cdt1MO

ward the epiblast layer at a reduced velocity, many of them
could not efficiently delaminate and thus moved toward the veg-
etal pole together with the epiblasts (Video 2 and Table S2).
These results suggest that modulations of the cell cycle led to
defective cell delamination at the marginal zone, therefore
changing mesendodermal cell movements as shown in the co-
transplantation assay (Fig. 2 J).

The cell cycle coordinates mesendodermal
cell movements through apoptosis, NF-kB,
and its direct downstream target, Snailla
To investigate the mechanism through which the cell cycle co-
ordinates mesendodermal cell movements during gastrulation,
apoptosis in embryos with modulated cell cycles was examined
by TUNEL assay. In comparison with the number of mitoti-
cally active cells (Fig. 1, A—H), reciprocal changes of apoptotic
cell number were observed at the shield stage (Fig. 3, A—H; and
Fig. S5). That is, although mitosis was positively modulated by
GemMO, Cdt] mRNA, or p21MO (Fig. 1, B, E, and H), apop-
tosis was decreased (Fig. 3, B, E, and H). Similarly, when mi-
tosis was negatively modulated by geminin mRNA, Cdt1MO,
or MCM5MO (Fig. 1, C, D, and G), apoptosis was increased
(Fig. 3, C, D, and G). If the overexpressed geminin protein lost
it capability to bind to Cdtl and cannot modulate the cell cycle
(Fig. 1 F), apoptosis within the embryo remained similar to that
of the control (Fig. 3 F). Furthermore, it was previously re-
ported that inhibition of p53 can rescue the increased apoptosis
caused by DNA polymerase-81 deficiency (Plaster et al., 2006).
Coinjection of a pS3MO could also rescue the increased num-
ber of apoptotic cells resulting from geminin mRNA expres-
sion (Fig. 3 1), indicating that apoptosis induced by geminin
mRNA is p53 dependent.

Injection of a p65MO led to a dramatic increase of apop-
tosis, indicating the antiapoptotic function of p65 in gastrulat-
ing zebrafish embryos (Fig. 3 J). To investigate the response to
the changed level of apoptosis resulting from cell cycle modu-
lations, the nuclear level of antiapoptotic NF-kB was ana-
lyzed. In the nuclear phase of cells prepared from shield stage

TUNEL Cdt1 mRNA TUNEL
|

Gem

TUNEL p53MO TUNEL p65MO TUNEL

Figure 3. Cell cycle modulations lead to changes of apoptotic level during gastrulation. (A-H) Note that changes of the number of apoptotic cells detected
by the TUNEL assay were reciprocally to those of the mitotically active cells. (I The increased number of apoptotic cells caused by geminin mRNA was
rescued by the coinjection of p53MO. (J) Knockdown of p65 led to an increased apoptosis. The shield stage embryos were viewed from the animal pole

with the dorsal side to the right. Bar, 100 pm.
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embryos injected with GemMO, Cdt] mRNA, or p21MO, the
level of the phosphorylated active form of p65 (S276-p65) was
decreased in contrast to the control (Fig. 4, A and B). In con-
trast, the nuclear level of S276-p65 was elevated in embryos
injected with geminin mRNA, Cdt1MO, or MCM5MO (Fig. 4 A).
The nuclear level of S276-p65 was decreased in embryos in-
jected with p65MO, illustrating the specificity of the antibody
(Fig. 4 A). In addition, if the increased apoptosis caused by
geminin mRNA was inhibited by coinjection with pS3MO
(Fig. 3 ), the increased level of nuclear S276-p65 was also
rescued (Fig. 4 A). These results demonstrate that the level of
active antiapoptotic NF-kB corresponds to the amount of
apoptosis in gastrulating embryos.

To investigate whether NF-kB is the direct upstream activa-
tor of Snailla in zebrafish, a reporter construct (Sn/-CAT) was gen-
erated by fusion of the Snailla promoter region, including the
putative p65-binding site, to the chloramphenicol acetyl transferase
(CAT) reporter gene. In contrast to control embryos coinjected
with Sn/-CAT and ConMO, coinjection of Sni-CAT with either
p65MO or GemMO resulted in a 60-70% reduction of the CAT
activity at the shield stage, whereas coinjection of Sn/-CAT with
p65 mRNA increased the CAT activity by about twofold (Fig. 5 A).
If the putative p65-binding site was mutated in the Sn/-CAT re-
porter, the CAT activity lost its response to p6SMO, GemMO, and
p65 mRNA (Fig. 5 A). To further investigate whether endogenous
NF-kB directly associates with the Snailla promoter region on
chromatin, a chromatin immunoprecipitation (ChIP) assay was
performed in shield stage embryos using antibodies against S276-
p65. A DNA fragment from the Snailla promoter region contain-
ing the NF-kB-binding site was coprecipitated by S276-p65
antibodies but not by preimmune serum (Fig. 5 B), indicating
a direct association of NF-kB with the Snailla promoter on
the chromatin. As a control, a region ~1 kb downstream of the
NF-kB-binding site could not be efficiently coprecipitated by
S276-p65 antibodies (Fig. 5 B). These results demonstrate that in
zebrafish embryos, NF-«kB directly associates with the Snailla pro-
moter region on chromatin to activate transcription of Snailla.

Because modulation of the cell cycle results in abnormal
nuclear levels of active NF-kB and NF-kB is a direct activator
of Snailla, effects of cell cycle modulations on Snailla were
analyzed. At the shield stage, transcription of Snailla in the

blastoderm marginal zone, the mesendodermal precursors, was
reduced in embryos with GemMO, Cdtl mRNA, or p21MO
injected. In contrast, ectopic Snailla expression was observed in
embryos injected with geminin mRNA or MCM5MO and was
more substantial in embryos injected with Cdt1MO but not Gem*
mRNA (Fig. 5, C-J). Coinjection of p5S3MO rescued ectopic
Snailla expression caused by geminin mRNA (Fig. 5 K), indicat-
ing that the level of Snailla transcription correlates with levels
of apoptosis in gastrulating embryos. Furthermore, injection of
either p65MO alone or p65MO plus geminin mRNA led to a
dramatic reduction of Snailla transcription (Fig. 5, L and M),
indicating that NF-«kB is required for the activation of Snailla
and coordinates the cell cycle with Snailla transcription.

To investigate whether the cell cycle coordinates mesendo-
dermal cell movements by regulating apoptosis and Snailla ex-
pression, geminin mRNA plus p5S3MO, or GemMO plus Snailla
mRNA were coinjected and mesendodermal cell movements were
analyzed using the cotransplantation assay. The dispersal and in-
correct position of cells caused by geminin mRNA and GemMO,
respectively, were efficiently rescued by the coinjection of pS3MO
and Snailla mRNA, respectively (Fig. 2, P and Q), indicating that
the cell cycle coordinates mesendodermal cell movements by regu-
lating apoptosis and Snailla expression. Altogether, these data
demonstrate that modulations of the cell cycle change apoptosis
and the nuclear level of active antiapoptotic NF-kB. Through
NF-kB and its direct downstream target Snailla, the cell cycle
coordinates mesendodermal cell movements during gastrulation.

Coordination of the cell cycle with
mesendodermal cell movements

is required for a proper distribution of
mesendodermal progenitors

Gastrulation results in the formation of three germ layers. After
cell delamination and subsequent migration, the newly formed
hypoblast contributes to both mesoderm and endoderm. Defec-
tive cell delamination caused by manipulations of the cell cycle
potentially impacts the formation of the mesendodermal layer.
GemMO was observed to lead to a thinner hypoblast layer than
that in the control in time lapse videos (Videos 1 and 2, yellow
lines), suggesting a reduced hypoblast layer in embryos injected
with GemMO.

A Nuclear Cytoplasmic B Nuclear Cytoplasmic
Con Gem Gem Cdt1 Cdt1 MCM5 p65 Gem mRNA Con Con p21 Con
MO MO mRNA MO mRNA MO MO +p53MO MO MO MO MO

a-Tubulin | W — — — — — — RN 0-Tubulin | — a-,q

(~50 kD)

S276-p65 | We— -.‘ - — —_— S276-p65 | W .

(~52 kD)

Histone2B | M MRS S e - Histone28| (N (R

g - aub, ar=

Figure 4. Modulations of the cell cycle change the nuclear level of active p65 (5276-p65). (A) The nuclear level of $276-p65 was reduced in embryos
injected with GemMO, Cdtl mRNA, or p65MO, whereas it increased in embryos injected with geminin mRNA, Cdt1MO, or MCM5MO. The increased
nuclear level of $276-p65 caused by geminin mRNA was rescued by the coinjection of p53MO. (B) The nuclear level of $276-p65 was reduced in embryos
with p21MO. «-Tubulin served as a cytoplasmic marker, whereas histone2B served as a nuclear marker and the loading control, indicating a successful

separation of nuclear and cytoplasmic phases.
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A r A405 B Positive ChIP (anti- ChIP
1.0 l Control S276-p65) Control
o8 Snail1
0.6 Promoter

(~250 bp)
0.4
Snail1
0.2y Control
0 Iﬁ {EN=aNsa) EI (~280 bp)
4 5 6 7
C Snailla D Snail’ Snall1a F Snail1 a da .nalﬂ a
ConMO = @mMO Gem mRNA Gem* mRNA Cdt1MO Cdt1 mRNA
Snailla J Snailla K Snail1la L Snailla M Snailla
‘"J.i
Ge Gem@A
MCM5MO p21MO p53MO p65MO p65MO

Figure 5.  Modulations of the cell cycle change the transcription of Snaillq, the direct downstream target of p65. (A) pé5 activates the CAT reporter gene
driven by the Snailla promoter. The following combinations were injected, and CAT activities were assayed at the shield stage: (1) SnT (SnailTa promoter
region including the NF-kB-binding site)]-CAT+ConMO, (2) Sn1-CAT+p65MO, (3) Sn1-CAT+GemMO, (4) Sn1-CAT+p65 mRNA, (5) Sn1Mut (Snail1a pro-
moter region with the NF-kB-binding site mutated)-CAT+ConMO, (6) Sn1Mut-CAT+p65MO, (7) Sn 1 Mut-CAT+GemMO, and (8) Sn1Mut-CAT+pé5 mRNA.
The y axis indicates the absorbance of the sample at 405 nm. Error bars indicate the standard error of six individual tests. (B) The Snailla promoter region
containing the NF-kB-binding site, but not a 1-kb downstream control region, was identified to associate with $276-p65 by the ChIP assay. PCR using
sheared chromatin before immunoprecipitation and immunoprecipitation using preimmune serum served as positive and negative controls, respectively.
(C-M) Modulations of the cell cycle change the transcription of Snailla through NF-kB. Note that Snailla was ectopically expressed in embryos injected
with geminin mRNA (E), Cdt1MO (G), or MCM5MO (l), whereas it was reduced in embryos injected with GemMO (D), Cdtl mRNA (H), or p21MO ().
Injection of Gem* mRNA was ineffective on the Snailla transcription at the blastoderm margin (F). The ectopic expression of Snailla caused by geminin
mRNA was rescued by the coinjection of p53MO (K). Both p65MO alone (L) and geminin mRNA plus p65MO (M) led to a dramatic reduction of SnailTa.

The shield stage embryos were viewed from the lateral with the shield to the right. Bar, 100 pm.

The distribution of mesendodermal cells was further
examined with mesendodermal markers. Casanova encodes a
Sox-related protein necessary and sufficient for early endo-
derm formation (Dickmeis et al., 2001; Kikuchi et al., 2001).
At the 60% epiboly stage, the distribution of Casanova-
expressing endodermal cells toward the animal pole was reduced
by the injection of GemMO or p21MO (Fig. 6, A, B, and I).
In contrast, geminin mRNA, Cdt1MO, or MCM5MO led to an
appearance of Casanova-expressing cells at ectopic positions
toward the animal pole, whereas Gem* mRNA was ineffective
(Fig. 6, C-E and H). In embryos overexpressing Cdtl, Casa-
nova transcription was nearly lost at this stage (Fig. 6 F). Mu-
tual rescue of the distribution of Casanova-expressing cells
was observed between GemMO and Cdt1MO (Fig. 6 G). When
pS3MO was coinjected with geminin mRNA to inhibit the
increased apoptosis, the ectopic localization of Casanova-
expressing cells caused by geminin mRNA was rescued (Fig. 6 J).
Furthermore, coinjection of Snailla mRNA was able to res-
cue the reduced distribution of endodermal cells caused by
GemMO, whereas geminin mRNA failed to induce ectopic dis-
tribution of endodermal cells in embryos with p65 knocked
down (Fig. 6, K and L). Collectively, all these results demon-
strate that during gastrulation, the cell cycle coordinates the
distribution of endodermal cells through the apoptotic level,
NF-kB, and its downstream target Snailla.
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To further study coordination of the cell cycle with the distri-
bution of mesendodermal cells, the expression of an axial meso-
dermal marker no tail (ntl) was examined at the bud stage. In
embryos injected with GemMO, the anterior boundary of n#/
transcription was posteriorly shifted, concomitant with a reduced
body axis (Fig. 6, M and N). In contrast, in embryos injected
with geminin mRNA, the anterior boundary of n#/ was anteriorly
shifted, and several ntl-expressing cells dispersed away from the
midline notochord (Fig. 6 O), which could be rescued by the
coinjection of p5S3MO (Fig. 6 P). These results indicate that
the cell cycle coordinates the distribution of axial mesodermal
cells during gastrulation through the level of apoptosis.

Defective endodermal cell distributions
caused by cell cycle modulation lead to a
secondary effect on neural induction

Because neural induction is connected to the endodermal tis-
sues during gastrulation (Pera et al., 1999), coordination of the
cell cycle with mesendodermal cell movements implied that
there may be a secondary effect on neural induction. Geminin
overexpression was previously reported to induce ectopic neu-
ral tissue in Xenopus (Kroll et al., 1998). At the bud stage, ex-
pression of Otx2 and Sox2 were narrowed in embryos injected
with GemMO, which was partially rescued by the coinjection
of Snailla mRNA (Fig. 7, A-F). To investigate whether this
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Figure 6. The distribution of mesendodermal cells was coordinated with the cell cycle through apoptosis, NF-kB, and Snailla. In contrast to embryos in-
jected with ConMO (A), distributions of the Casanova-expressing endodermal cells toward the animal pole were reduced in embryos injected with GemMO
(B) or p21MO (I). Geminin mRNA (C), Cdt1MO (E), or MCM5MO (H) led to an appearance of Casanova-expressing cells at ectopic positions toward the
animal pole, whereas Gem* mRNA was ineffective (D). (F) Casanova transcription was nearly lost in embryos overexpressing Cdt1. (G) Mutual rescue of
the distribution of endodermal cells between GemMO and Cdt1MO were observed. (J) The appearance of Casanova-expressing cells at ectopic positions
toward the animal pole caused by geminin mRNA was rescued by the coinjection of p53MO. (K) Snailla (Sn1) mRNA rescued the reduced movements of
Casanova-expressing cells toward the animal pole caused by GemMO. (L) Ectopic localization of Casanova-expressing cells caused by geminin mRNA was
rescued by p65MO. The 60% epiboly embryos were viewed from the lateral with the dorsal to the right. (M-P) The cell cycle coordinates with formation
of the ntlexpressing axial mesoderm. GemMO led to a posterior shift of the anterior boundary of ntl transcription, concommitant with a reduced body axis
(N). In embryos injected with geminin mRNA, the anterior boundary of ntl was anteriorly shifted, and several nttexpressing cells dispersed away from the
midline notochord (O), which was rescued by the coinjection of p53MO (P). Arrowheads mark the anterior boundary of nfl transcription. The bud stage

|GemMO

embryos were viewed from lateral with the dorsal to the right. The dorsal view of each embryo is shown in the bottom right corner. Bars, 100 pm.

defective neural induction is a secondary effect of endodermal
cell distribution or not, recovery of endoderm was performed by
the transplantation assay. Because overexpression of Casanova
is sufficient to endow endodermal cell fate (Kikuchi et al., 2001),
cells from a red fluorescent donor embryo coinjected with Casa-
nova mRNA plus either ConMO or GemMO were transplanted
at the high stage into cas mutant acceptor embryos injected with
GemMO. Recovery of distributions of endodermal cells was
checked at the 90% epiboly stage (Fig. 7, G and H; and Table S5)
and could also be confirmed at the 14 somite stage (Fig. 7, T and J;
and Table S5). Embryos with successful recovery at the 90%
epiboly were assayed for neural induction at the bud stage. De-
spite the absence of geminin in the ectoderm, Otx2 and Sox2
were rescued as long as distributions of Casanova-expressing
endodermal cells were recovered, regardless of the donor em-
bryo (Fig. 7, K-N). These results indicate that the defective endo-
dermal cell distributions caused by cell cycle modulation lead to
a secondary effect on neural induction.

Discussion

During the cell cycle, geminin prevents DNA resynthesis
through a direct, inhibitory interaction with Cdtl. The activity

of geminin is strictly controlled in different cell cycle phases.
In early S phase when DNA replication is initiated, active gem-
inin accumulates in the nucleus to bind to Cdtl and inhibit
DNA resynthesis. The presence of nuclear geminin is main-
tained until the end of mitosis, during which geminin is in-
activated through various mechanisms such as degradation,
transient polyubiquitination, and nuclear export to release Cdtl
and license the next round of the cell cycle (McGarry and
Kirschner, 1998; Wohlschlegel et al., 2000; Li and Blow, 2004;
Luo et al., 2007). During development, geminin regulates axial
patterning, eye development, and neurogenesis through direct
interactions with homeobox transcription factors and chroma-
tin remodeling proteins (Del Bene et al., 2004; Luo et al., 2004;
Seo et al., 2005). The competition between geminin—Cdt1 and
geminin—-homeodomain interactions suggests that geminin
could function as a molecular link between the cell cycle and
cell differentiation (Del Bene et al., 2004; Li and Rosenfeld,
2004; Luo and Kessel, 2004; Luo et al., 2004; Pitulescu et al.,
2005). However, this competition does not seem to regulate
mesendodermal cell delamination and movements addressed
here. Among Hox proteins expressed during gastrulation in
zebrafish, only Hoxb1b was found able to directly bind to gem-
inin (unpublished data). In the gastrulating zebrafish embryo,
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Figure 7. Defective endodermal cell distribu-
tions caused by cell cycle modulation lead to
a secondary effect on neural induction. (A-F)
At the bud stage, the narrowed expression of
Otx2 and Sox2 caused by GemMO (B and E)
was rescued by Snailla (Sn1) mRNA (C and F).
(G-J) Transplanted Casanova-overexpressing
red donor cells containing ConMO (G and )
or GemMO (H and J) recover distributions of
endodermal cells in the cas mutant acceptor em-
bryo at both the 90% epiboly (G and H) and the
14 somite stages (I and J). The 14 somite stage
embryos were viewed from the lateral with the
dorsal side to the right. (K-N) At the bud stage,
Omx2 (K and L) and Sox2 (M and N) are rescued
in the cas mutant embryo with distributions of
Casanova-expressing cells recovered, regard-
less of the donor embryo injected with ConMO
(K and M) or GemMO (L and N). E, epiboly.
Bar, 100 pm.

o

ConMO

ConMO

+ConMO

Hoxbl1b is expressed in the presumptive hindbrain, whereas
Six3 is expressed in the anterior presumptive neural plate (Hong
et al., 2008). As neither is expressed in the marginal zone or in
mesendodermal cells, they lack the spatial capability to regu-
late mesendodermal cell movements. In this study, we took ad-
vantage of the cell cycle controlling geminin—Cdt1 balance to
establish a system to manipulate the cell cycle in early zebra-
fish embryos. Stable changes of the number of mitotically ac-
tive cells at different time points of gastrulation (shield, 70%
epiboly, and 90% epiboly; Fig. 1, A—H, and not depicted) indi-
cated the ability to positively or negatively manipulate the cell
cycle in gastrulating embryos. Similar cell cycle regulatory ef-
fects were also observed at later stages in the medaka fish (Del
Bene et al., 2004). In the medaka fish, injection of geminin
mRNA has been shown to lead to cyclopia/synophthalmia (Del
Bene et al., 2004), which were phenotypes resulting from
GemMO injection in our work. However, these data are not
contradictory. Two eye fields are separated by the prechordal
plate mesodermal tissue. In embryos injected with either
GemMO or geminin mRNA, gastrulation movements of pre-
chordal plate cells are both defective (Fig. 2, C-E, J, and N).
In this study, reciprocal changes between the number of mito-
tically active cells and that of apoptotic cells were observed (Figs.
1 and 3). However, this reciprocal change could not be seen after
gastrulation. Embryos injected with either GemMO or CdtIMO,

JCB « VOLUME 184 « NUMBER 6 « 2009

o2 B

— GemMO
Sox2 E

90%-E H

S +GemMO
on2 L

Cas lel
—» ca

S +GemMO

o2 C Otx2

l GemM ‘

Sn1 mRNA
Sox2 F

. Gem

GemMO Sn1 mRNA
90%-E | 14-somite J

Sox2

14-somite

Cas mRNA Cas mRNA

+ConMO
Ootx2 M

\ Cas mRNl
—» Cca

Cas mRNA
S +ConMO

Cas mRNA
+GemMO

Sox2 N

- cas - cas - cas

Sox2

Cas mRNA
8l +GemMO ™ 928

either geminin mRNA or Cdtl mRNA, all revealed an increased
apoptosis at the 18 somite stage (not depicted). Similarly, embryos
injected with p21MO showed a decreased number of H3P-positive
cells and an increased number of apoptotic cells at the somito-
genesis stage (not depicted). Two reasons could explain this dis-
crepancy. First, it could be that after trying to keep pace with and
adjust the cellular program to compensate for an abnormal cell
cycle during gastrulation, cells positioned within the incorrect de-
velopmental context and with an altered intracellular program
undergo apoptosis to protect the overall shape of the embryo. Al-
ternatively, the molecular coordination between the cell cycle,
apoptosis, and cell movements is perhaps not absolutely required
and could potentially switch to another regulatory mechanism after
gastrulation. Therefore, the mitotic and apoptotic indices may not
be coordinated in developmental stages after gastrulation.
Apoptosis is only observed after gastrulation in most ver-
tebrates, and subsequently, a proper level of apoptosis is critical
for embryonic development (Negron and Lockshin, 2004;
Penaloza et al., 2006). Our data suggest an explanation for why
apoptosis only begins after gastrulation. A proper level of apop-
tosis is a determinant for the level of nuclear active NF-kB that
is in turn required for Snailla activation and cell delamination.
To correctly regulate apoptosis, antiapoptotic machinery includ-
ing the nuclear active NF-kB must be adjusted to compensate
for ectopic or insufficient apoptosis caused by modulations of
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the cell cycle (Fig. 4). The dual function of NF-«kB is important
for the coordination of the cell cycle with mesendodermal cell
movements. NF-kB both activates antiapoptotic factors in re-
sponse to apoptosis and activates Snailla transcription, which
is critical for mesendodermal cell delamination. Snailla was
proven to be the key coordinator downstream of NF-kB because
it could rescue both delayed cell movements in the cotransplan-
tation assay and defective distribution of mesendodermal cells
caused by GemMO (Fig. 2 Q and Fig. 6 K).

Mesendodermal cell movements are initiated by a cell de-
lamination process followed by cell migration. Snailla was previ-
ously reported to be expressed in the marginal zone that is the
delaminating region, the adaxial cells, and the yolk syncitial layer,
but not in the migrating mesendodermal cells (Blanco et al., 2007).
Our cotransplantation data showed that the cell cycle cell auton-
omously coordinated with cell movements (Fig. 2, J, N, and O),
whereas Snailla was able to cell autonomously rescue the defec-
tive movements caused by the cell cycle modulation (Fig. 2 Q). In
addition, our time lapse videos clearly indicated defective cell de-
lamination caused by GemMO (Videos 1 and 2). Therefore, we
conclude that cell delamination is one of the steps at which the cell
cycle coordinates mesendodermal cell movements. Nevertheless, it
is also possible that modulations of the cell cycle change the ex-
pression of Snailla in the yolk syncitial layer, thus contributing
partially to the defective mesendodermal cell movements in a cell
nonautonomous way.

Injection of geminin mRNA and Cdt1MO result in similar
cell cycle alteration phenotypes. Although their phenotype of gsc
transcription at the 80% epiboly stage at first appeared distinct
(Fig. 2, E and G), both injections actually resulted in similar gsc
phenotypes. Although injection of Cdt1MO led to an expansion of
gsc transcription (Fig. 2 G) or an increased tendency for dispersion,
the phenotype resulting from geminin mRNA presented a bona fide
dispersion of cells, thus losing their identity as axial prechordal
plate precursors (Fig. 2, E and N). This assumption was further
proven by the injection of a lower concentration of geminin mRNA,
which led to an expansion of gsc similar to embryos injected with
CdtIMO (Fig. 2, F and G).

In Drosophila, the cell cycle of mesodermal progenitors
needs to be inhibited to allow the cell shape changes and meso-
dermal development (Grosshans and Wieschaus, 2000; Seher
and Leptin, 2000). In this study, we showed similar results in
zebrafish. An artificial positive modulation of the cell cycle by
GemMO, Cdt] mRNA, or p21MO led to delayed or reduced dis-
tribution of mesendodermal cells, and a negative modulation of
the cell cycle led to ectopic distribution or dispersion of mes-
endodermal cells during gastrulation (Fig. 6). If distributions of
Casanova-expressing endodermal cells were recovered during
gastrulation, the neural markers were restored even though ecto-
dermal geminin was still absent (Fig. 7, G-N). This result sug-
gests that the previously reported regulatory role of geminin on
neural development (Kroll et al., 1998) may act, at least partially,
as a secondary effect of mesendodermal cell movements.

In summary, we propose that in gastrulating embryos, cell
cycle progression correlates with the level of apoptosis, which
coincides to the correct activity of antiapoptotic machineries,
including the nuclear level of active NF-kB. The dual functional

NF-kB activates not only antiapoptotic factors in response to
apoptosis but also Snailla, critical for mesendodermal cell de-
lamination, thus coordinating the cell cycle with mesendo-
dermal cell movements during gastrulation.

Materials and methods

Zebrdfish strain and maintenance
Zebrafish (Danio rerio) of the AB genetic background was maintained,
raised, and staged as described previously (Westerfield, 2007).

<DNA isolation and mutagenesis

cDNAs encoding full-length geminin, Cdt1, and mrGem were amplified
from a ¢cDNA library prepared from the shield stage zebrafish embryos
using DNA polymerase (PfuTurbo; Agilent Technologies) and primers
(geminin: 5"-GTGAAGCGAGCGATTGTATTCTG-3" and 5'-GCGGTTTTCA-
GTTCACTCTCATG-3'; Cdt1, 5'-CGCAGAGTAGTGCAGGGATCTC-3" and
5'-GCACATGGTATGGTCTCAATTGTC-3"; mrGem, 5'-CAAGTATGICA-
AGCATTAGGAGGCCCAAGAATGCAGAAAACCCGTCTG-3" and 5'-GCG-
GTTTTCAGTTCACTCTCATG-3’; underlining indicates nucleotide exchanges
relative to the wild4ype geminin). The resulting fragments were cloned into
pCRII-TOPO vector (Invitrogen). Gem* was amplified using mrGem as a tem-
plate, the primers 5-GTGTTCTCCAGGCGGCTGCAAAGTTGGCTGCAGA-
CATTGAAGCC-3" and 5-GGCTTCAATGTCTGCAGCCAACTTTGCAGCC-
GCCTGGAGAACAC-3’, and QuikChange Site-Directed Mutagenesis kit

(Agilent Technologies) as described by the manufacturer.

Morpholinos and mRNAs

Antisense ATG morpholinos (Gene Tools) against both maternal and zy-
gotic geminin (GemMO, 5'-CTTTGGTCTTCTGATGGAACTCATA-3'), Cdtl
(CdtTMO, 5'-CTAGATGAATGAGATCCCTGCACTA3'), MCM5 (MCM5MO,
5'-ATAGTTTCGATAAGTGCTGTCGATG-3'), p65 (p65MO, 5'-CCCACTGGT-
GAAACATTCCGTCCAT-3’; Correa et al., 2004), p53 (p53MO, 5-GCGC-
CATTGCTTTGCAAGAATTG-3'; Langheinrich et al., 2002; Plaster et al.,
2006), p21 (p21MO, 5" TAATAAAGAGGTCTGACCTGTGATG-3'; Sidi et al.,
2008), Snailla (SnaillaMO, 5-GTCCACTCCAGTTACTTTCAGGGAT-3'),
or mRNAs were injected info the yolk of one-cell stage embryos controlled
by a standard ConMO (5'-CCTCTTACCTCAGTTACAATTTATA-3'). For mRNA
preparation, the geminin, Cdtl, mrGem, Gem*, and Snailla mRNAs were
synthesized from the linearized plasmid templates using the Message Machine
kit (Applied Biosystems) and injected into the yolk of onecell stage embryos.
The following amounts of morpholinos or mRNAs were used for injections or
rescues: 5 ng GemMO, 75 pg CdtTMO, 2.5 ng p65MO, 1 ng p21MO,
2 ng SnaillaMO, 3 ng MCM5MO, 30 pg geminin mRNA, low concentration
10 pg geminin mRNA, 30 pg Gem* mRNA, 150 pg Cdt] mRNA, 5 ng
GemMO +15 pg mrGem mRNA, 5 ng GemMO + 30 pg Gem* mRNA, 5 ng
GemMO + 50 pg CdtTMO, 5 ng GemMO + 25 pg Snailla mRNA, 30 pg
geminin mRNA + 150 pg Cdtl mRNA, 30 pg geminin mRNA +1 ng p53MO,
and 30 pg geminin mRNA + 2.5 ng p65MO.

Nuclear phase isolation, CAT, and ChIP Assays

300-500 shield stage embryos were quickly deyolked in PBS, and the em-
bryos proper were immediately incubated with 0.4 pl/embryo lysis buffer con-
taining 40 mM TrisHCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2 mM EGTA,
15 mM NaF, 8% glycerol, and 0.4% NP-40 on ice for 5 min. The samples were
spun down at 4°C for 15 min at full speed, and the supernatants were collected
as cytoplasmic fractions. The pellets were washed with lysis buffer twice and
sonicated in the lysis buffer to obtain the nuclear fractions. Western blottings
were performed using antibodies against $276-p65 (1:50; Abcam), a-tubulin
(1:4,000; Sigma-Aldrich), and histone2B (1:2,000; Millipore).

The CAT assay was performed using the CAT ELISA kit (Roche) as
described by the manufacturer and previously described (Hans and
Campos-Ortega, 2002). For the ChIP assay, 150-200 shield stage embryos,
400 pg S276-p65 antibodies, and two pairs of primers (Snailla promoter,
5"-GATGGCACAAATGGAAACATGCTAG-3' and 5'-CAGTCAGTTTGTAAAC-
GTCAGGAAC-3’; Snail 1a control, 5-GCCTTTGCTCAAAAGCACTTATGC-3'
and 5-GGTTTAAGTGGTTCGTGAAAGTAC-3') were applied using the ChIP
Assay kit (Millipore) as described by the manufacturer.

Whole-mount in situ hybridization, the TUNEL assay, and antibody staining
One-olor whole-mount in situ hybridization was performed as described
previously (Weidinger et al., 2003). The TUNEL assay was performed using
In situ Cell Death Detection kit (Roche) as described by the manufacturer.
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For antibody staining, embryos were fixed with 2% trichloroacetate/
PBS for 2 h at room temperature and washed three times with 0.5% Triton
X-100/PBS (PBTriton). After being blocked in the blocking solution (10% fetal
calf serum and 0.1% bovine serum albumin in PBTriton) at 4°C overnight,
embryos were incubated with antibodies against H3P (1:500; Millipore) di-
luted in the blocking solution at 4°C for 24 h. Then, embryos were washed
six times with PBTriton for at least 15 min each and incubated with HRP—
donkey anti-rabbit IgG (1:400; BioTrend) diluted in the blocking solution at
4°C overnight. After being washed six times with PBTriton for 15 min each and
two times briefly with 0.5% DMSO/PBS, embryos were stained using TSA kit
#5 with Alexa Fluor 594 (Invitrogen) as described by the manufacturer.

Images were captured at room temperature using AxioVision4 soft-
ware (Carl Zeiss, Inc.) and a 10x/0.45 NA Plan Apochromat air objective
mounted on a microscope (AxiolmageZ1; Carl Zeiss, Inc.) equipped with
digital cameras (MRc5 and MRm; Carl Zeiss, Inc.).

Cotransplantation, Casanova recovery, and life time imaging
Cotransplantation was performed as described previously (Yamashita et al.,
2004) using 2 ng Dextran-Alexa Fluor 568 (10,000 mol wt; Invitrogen)
and 0.5 ng Dextran-OregonGreen 488 (70,000 mol wt, Invitrogen) for
labeling donor embryos. Images were obtained using the aforementioned
setup. Bright field and fluorescent images were combined using Photoshop
software (Adobe).

For Casanova recovery, donor embryos were injected with 2 ng
Dextran—Alexa Fluor 568, 100 pg Casanova mRNA, and 5 ng ConMO or
GemMO, whereas the cas mutant acceptor embryos were injected with
5 ng GemMO. Cells were transplanted from donor to acceptor embryos at
the high stage, and the subsequent Casanova recovery was defected at the
90% epiboly stage. Time lapse videos were obtained and analyzed using
a membrane GFP transgenic line (). Topczewski, Northwestern University,
Chicago, IL) as described previously (Ulrich et al., 2003, 2005).

Online supplemental material

Fig. S1 shows the amino acid sequence of zebrafish Cdt1 and geminin.
Fig. S2 shows the expression pattern of geminin and Cdt1 in zebrafish em-
bryos. Fig. S3 shows the working efficiency of GemMO and Cdt1MO as
well as the binding affinity of Gem* to Cdt1. Fig. S4 shows the phenotypes
caused by GemMO at 36 hpf. Fig. S5 shows the statistics of the number of
TUNEL-positive cells in each embryo. Video 1 shows cell movements within
delamination region of an embryo injected with ConMO. Video 2 shows
cell movements within delamination region of an embryo injected with
GemMO. Table S1 shows the raw data of random cell fracing in time lapse
videos of embryos injected with ConMO. Table S2 shows the raw data of
random cell fracing in time lapse videos of embryos injected with GemMO.
Table S3 shows the statistics of phenotypes and in situ hybridizations. Table
S4 shows the statistics of cotransplantation assays. Table S5 shows the sta-
tistics of the recovery of Casanova-expressing experiments.
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