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Following fertilization, oviparous embryos undergo rapid, mostly transcriptionally silent cleavage divisions until the
mid-blastula transition (MBT), when large-scale developmental changes occur, including zygotic genome activation
(ZGA) and cell cycle remodeling, via lengthening and checkpoint acquisition. Despite their concomitant appearance,
whether these changes are co-regulated is unclear. Three models have been proposed to account for the timing of
(ZGA). One model implicates a threshold nuclear to cytoplasmic (N:C) ratio, another stresses the importance cell cycle
elongation, while the third model invokes a timer mechanism. We show that precocious Chk1 activity in pre-MBT
zebraﬁsh embryos elongates cleavage cycles, thereby slowing the increase in the N:C ratio. We ﬁnd that cell cycle
elongation does not lead to transcriptional activation. Rather, ZGA slows in parallel with the N:C ratio. We show further
that the DNA damage checkpoint program is maternally supplied and independent of ZGA. Although pre-MBT embryos
detect damage and activate Chk2 after induction of DNA double-strand breaks, the Chk1 arm of the DNA damage
response is not activated, and the checkpoint is nonfunctional. Our results are consistent with the N:C ratio model for
ZGA. Moreover, the ability of precocious Chk1 activity to delay pre-MBT cell cycles indicate that lack of Chk1 activity
limits checkpoint function during cleavage cycles. We propose that Chk1 gain-of-function at the MBT underlies cell
cycle remodeling, whereas ZGA is regulated independently by the N:C ratio.

Introduction
Immediately following fertilization, most metazoan embryos
undergo synchronous cleavage divisions that lack gap phases and
cell cycle checkpoints. During this period, most zygotic genes are
transcriptionally silent; rather, embryos rely on maternally loaded
mRNAs for development. These abbreviated cycles persist until
the mid-blastula transition (MBT), when several large-scale
changes occur together.
Zygotic genome activation (ZGA) is one hallmark of the
MBT. With a few exceptions1-7 transcription of the vast majority
of zygotic genes starts at the MBT. How the onset of ZGA is regulated is a long-standing question, and several models have been
proposed. In one model, activation of zygotic transcription
depends on a threshold nuclear to cytoplasmic (N:C) ratio that is
achieved through the reductive cleavage divisions leading up to
the MBT, when cells divide but do not grow. Addition of exogenous DNA to increase the N:C ratio in pre-MBT Xenopus
embryos can induce premature onset of zygotic transcription.8
These findings suggest that transcription is regulated by an
unknown cytoplasmic repressor that is titrated as the N:C ratio

increases.9 A second model suggests that cell cycle elongation is
required for ZGA,9 as rapid cell cycles may not support transcription, particularly of long genes.6,10-13 Thus, although it may not
directly trigger ZGA, cell cycle elongation at the MBT may create
a permissive environment for increased transcriptional activity. A
third model postulates that a cell cycle-independent timer governs ZGA, either through accumulation of transcription machinery components, loss of a transcriptional repressor, or
degradation of maternal transcripts.1,11,14
Massive cell cycle remodeling is a second hallmark of the
MBT, as embryonic cleavage divisions transform into typical
somatic cell cycles: losing cell division synchrony, elongating the
cell cycle dramatically, and adding gap phases that are lacking during pre-MBT cell cycles. Both activation of Chk1, independent of
damage,15,16 and degradation of the Cdk1-activating phosphatase
Cdc2517-19 contribute to these changes. Another major component of cell cycle remodeling at the MBT is acquisition of DNA
damage checkpoints. Pre-MBT embryos neither delay their cell
cycles nor initiate DNA repair and apoptotic pathways in response
to DNA damage.20,21 Mechanisms underlying this aspect of cell
cycle remodeling at the MBT are poorly understood.
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Despite the striking synchrony of ZGA and DNA damage
checkpoint acquisition, how these events are coordinated is
unclear. One model hypothesizes that checkpoint function is
directly coupled to ZGA: pre-MBT checkpoint signaling pathways might lack essential components provided only by the
zygotic genome. Adding exogenous DNA to pre-MBT Xenopus
embryos leads to precocious checkpoint function,22 but this
effect could be indirect if the N:C ratio controls zygotic
transcription.
By experimentally manipulating Chk1 activity before the
MBT in zebrafish embryos, we interrogate its role in cell cycle
remodeling at the MBT and distinguish between models for
ZGA. We find that zygotic transcription increases in parallel
with the N:C ratio and not in response to premature cell cycle
elongation. We also show that the DNA damage checkpoint program is independent of zygotic transcription, and that checkpoint
function is limited by the lack of Chk1 activity prior to the MBT.
Overall, we conclude that while happening simultaneously, cell
cycle remodeling and zygotic genome activation are regulated
independently at the MBT.

Results

Precocious cell cycle elongation prior to the MBT does not
lead to zygotic genome activation
To determine whether cell cycle elongation leads to ZGA, we
first tested whether premature Chk1 activity could lengthen preMBT cell cycles. We expressed exogenous wildtype GFP-tagged
zebrafish Chk1 (Chk1-GFP) or a constitutively active, phosphomimetic form (Chk1-4E-GFP)23 in pre-MBT zebrafish embryos.
Pre-MBT cell cycles progressively lengthened to an average of
21.0 min (Chk1-GFP) or 26.1 min (Chk1-4E-GFP) between
the 6th and 10th cleavages, compared to 16 min in control
embryos (Fig. 1). We also tested 2 Chk1 truncation mutants.
DC-Chk1-GFP contains residues 1-99 of zebrafish Chk1, corresponding to the N-terminal kinase domain, which by itself is catalytically inactive.24-27 DN-Chk1-GFP contains residues 215410 of zebrafish Chk1, which corresponds to the C-terminal regulatory domain.25,27 Neither truncation mutant affected cleavage
cycle lengths, indicating that the cell cycle lengthening depends
on Chk1 kinase activity (Fig 1B).
Cell cycle elongation caused by exogenous Chk1 allowed us to
test models for how the timing of ZGA is controlled. If ZGA
depends directly on cell cycle elongation, which occurs prematurely in Chk1-4E embryos, we expect transcription at a lower
N:C ratio compared to
controls. Similarly, if ZGA
is controlled by a cell cycleindependent timing mechanism, we expect transcription at a lower N:C ratio
when cell cycles are elongated in Chk1-4E embryos,
compared to controls,
because the N:C ratio
increases more slowly. In
contrast, if ZGA is controlled by the N:C ratio, we
expect control and Chk14E embryos to exhibit a
similar increase in transcriptional activity with
respect to the N:C ratio.
To examine the relationship between N:C ratio and
transcription, we measured
both simultaneously in
individual fixed embryos.
We monitored transcripFigure 1. Expression of a constitutively active Chk1 kinase elongates pre-MBT cell cycles. (A and B) Embryos were
tional activation using a
injected with Alexa 594-Histone H1 protein and mRNA encoding one of the indicated Chk1 constructs (wtChk1,
phospho-specific antibody
Chk14E-GFP, DC-Chk1-GFP, or DN-Chk1-GFP), then imaged live during cleavage-stage cell cycles. Image (A) show
to stain for phospho-Rbp1
cell cycle progression based on Histone H1, starting at »2.25 HPF (t D 0). Scale bar 20 mm. Insets are displayed with
Ser2/5 (pRbp1), which is
higher contrast settings to show the changing morphology of a single nucleus at different cell cycle stages: I, interspecific for phosphoepiphase; M, prometaphase/metaphase; A, anaphase. The time between M-phases is 16 min for DC-Chk1-GFP and
24 min for Chk1-4E-GFP. Although not shown, the second mitotic nucleus in the Chk1-4E-GFP embryo goes into anatopes present on active,
phase 6 min later. Cell cycle lengths (B) were measured as time between M-phases, based on Histone H1 morpholelongating RNA polymerogy, and averaged over cleavages 6-10 for multiple embryos (n  9).
ase II20 in pre-MBT
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Figure 2. For ﬁgure legend, see page 3831.
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Figure 3. DNA damage checkpoint acquisition at the MBT does not depend on zygotic transcription. (A) 1-cell stage embryos were injected with a-amanitin as indicated, incubated until »3.75 HPF, then ﬁxed and stained for pRbp1 and DNA. pRbp1 staining intensity was quantiﬁed and averaged over
multiple embryos (n  9). Error bars indicate s.e.m. Scale bars 10 mm. (B) Expression of the zygotic genes nanor and lrat was monitored by RT-PCR at the
times indicated in control embryos or embryos injected with a-amanitin. b-actin is the internal control; — indicates no sample loaded. A representative
gel is show, and similar results were obtained in 3 independent experiments. (C) 1-cell stage embryos were injected with a-amanitin as indicated, treated
with 250 mM HU at 3.25 HPF for 45 min, ﬁxed at 4 HPF, and stained for pH3 and DNA. The % of nuclei positive for pH3 was calculated and averaged over
multiple embryos (n  21 for each condition, pooled from 3 independent experiments). Error bars indicate s.e.m. Scale bars 20 mm.

Figure 2 (See previous page). Transcriptional activity is coupled to the N:C ratio. (A) Expression of the zygotic genes apoeb and lrat were monitored by
RT-PCR at the times indicated, with or without Chk1-4E-GFP expression. a-amanitin injected embryos serve as a transcriptionally silent post-MBT control.
b-actin is the internal control. (B) Embryos with our without Chk1-4E-GFP expression were ﬁxed and stained for phosphorylated RNA Polymerase II
(pRbp1) and DNA at the indicated times. pRbp1 staining was quantiﬁed and averaged over multiple embryos (n  10). Error bars indicate s.e.m.,
*P < 0.05. (C and D) Control and Chk1-4E-GFP embryos were ﬁxed and stained for DNA and pRbp1 at 15-minute intervals between 2.25 and 3.5 HPF.
Representative images show nuclei density at the ﬁrst and last timepoints (C), and the plot shows average nuclei density (n  37) at each timepoint,
pooled from 4 independent experiments. Chk1-4E-GFP embryos have fewer nuclei as a result of elongated cell cycles. pRbp1 staining was calculated for
embryos grouped by nuclei density (D). Representative images are shown for each group, and the plot shows average pRbp1 staining intensity for each
group, calculated as a fraction of the 60 control group (n  9 for Chk14E with >50 nuclei, n  13 for all other groups). Error bars indicate s.e.m. All scale
bars 20 mm.
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Figure 4. Pre-MBT embryos can initiate a DNA damage response. (A) Embryos were injected with Alexa 594-Histone H1 protein and treated with 10 Gy IR
as indicated, then imaged live during cleavage-stage cell cycles. Images (A) show cell cycle progression based on Histone H1, starting at »2.5 HPF (t D 0),
with insets as in Figure. 1A. Insets are shown with higher contrast settings so nuclei morphology are clear. Cell cycle lengths were measured as time
between M-phases, based on Histone H1 morphology, and averaged over cleavages 5-9 for multiple embryos (n  9). (B) Pre-MBT (1.5 HPF) or post-MBT
(4 HPF) embryos were treated with 10 Gy IR then ﬁxed and stained for gH2AX and DNA. gH2AX staining intensity was quantiﬁed and averaged over multiple embryos (n  10) for each condition. Similar results were obtained in 4 independent experiments; a representative plot is shown. Error bars indicate
s.e.m., *P < 0.05. All scale bars 20 mm. Arrowheads show examples of nuclear fragmentation and lagging chromosomes from DNA damage in the irradiated embryo.

zebrafish and Xenopus embryos.5,28,29 This assay allows us to evaluate global transcriptional activity in combination with N:C ratio
on an individual cell basis.
To confirm that pRbp1 staining correlates with transcription,
we examined expression of nanor and apoeb, 2 zygotically
expressed genes that only appear after the MBT, at 3.75 HPF
(Fig 2A).21 Injection with a-amanitin, an inhibitor of RNA polymerase II, abolished transcript expression at 3.75 HPF. Consistent with the transcript levels, pRbp1 staining is low at 2.5 HPF
and high at 3.5 HPF in both control and Chk1-4E embryos (Fig
2B). We also tracked changes in the N:C ratio by measuring
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nuclei densities at 15-minute intervals between 2.25 and 3.5
HPF. The nuclei density increased more slowly in Chk1-4E
embryos compared to control embryos (Fig 2C), as expected for
elongated cell cycles. We find that pRbp1 staining increases with
nuclei density (and therefore, N:C ratio) in Chk1-4E embryos
similarly as in control embryos, and the 2 groups are indistinguishable from each other (Fig 2D). In addition, pRbp1 staining
did not increase prematurely at 2.5 HPF in Chk1-4E embryos,
though cell cycles are elongated (Fig 2B). These data demonstrate
that ZGA is coupled to the N:C ratio rather than cell cycle elongation, and is not controlled by a timing mechanism.
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Acquisition of DNA damage checkpoints is independent
of zygotic transcription
Chk1 is typically activated in response to DNA damage or
replication stress, and phosphorylation of Chk1 substrates leads
to cell cycle delay and DNA repair.30 The ability of precocious
Chk1 activity to lengthen pre-MBT cell cycles (Fig. 1) indicates
that downstream checkpoint signaling is intact and suggests that
the lack of Chk1 activity limits checkpoint function prior to the
MBT. Alternatively, other components could be provided via
zygotic transcription, which would coordinate checkpoint acquisition and ZGA.
To test whether checkpoint acquisition depends on zygotic
transcription at the MBT, we inhibited transcription by injecting
one-cell stage embryos with a-amanitin, an inhibitor of RNA
polymerase II.31,32 To confirm that the treatment prevented acti-

vation of zygotic transcription, we stained for pRbp1 and monitored expression of the zygotic genes nanor and lrat. Post-MBT
embryos treated with a-amanitin have decreased Rbp1 staining
compared to uninjected control embryos and lack nanor and lrat,
indicating successful transcription inhibition (Fig. 3A, B).
To test for a DNA damage response in the absence of zygotic
transcription, embryos were injected with a-amanitin and then
treated with hydroxyurea (HU) to induce DNA damage.
Hydroxyurea is a ribonucleotide reductase inhibitor which causes
stalled replication forks that eventually lead to fork collapse and
DNA single-strand breaks.33 After HU treatment, embryos were
fixed and stained for phospho-Ser10 histone H3 (pH3), a wellestablished marker for mitosis,34 to track cell cycle arrest after
DNA damage. Under normal conditions, post-MBT embryos
treated with HU have a robust checkpoint response: the mitotic
index
decreases
from
»20% to 5%, demonstrating successful cell cycle
delay and inhibition of
mitotic entry after sustaining DNA damage (Fig. 3C,
left 4 panels). Inhibition of
zygotic transcription did
not affect the cell cycle
response to HU, as the
mitotic index was not
affected by a-amanitin
(Fig. 3C, right 4 panels).
Our results demonstrate
that pre-MBT embryos
have a maternally supplied
checkpoint program, as
checkpoint acquisition does
not depend on zygotic
transcription.

Figure 5. Pre-MBT embryos can activate Chk2 but not Chk1. (A–C) Pre-MBT (1.5 HPF) or post-MBT (4 HPF) embryos
were treated with 10 Gy IR as indicated, then ﬁxed and stained for pChk2 (A) or pChk1 (B) and DNA. Arrowheads
show examples of nuclear fragmentation and lagging chromosomes from DNA damage. pChk1 and pChk2 staining
were quantiﬁed, averaged over multiple embryos (n  8, pooled from multiple experiments), and plotted (C) as the
fold increase of IR treated over untreated. The dashed line represents no increase over untreated control. Error bars
indicate SD, *P < 0.05, scale bars 20 mm. (D) Western blots for Chk1 using zebraﬁsh-speciﬁc anti-Chk1 antibody. Top
blot: zChk1 polyclonal antibody was validated ﬁrst in embryos 1 day post fertilization. Lanes show 75 ug of total protein from control embryos and 75 ug of total protein from embryos injected with a Chk1 morpholino to conﬁrm the
correct band. Bottom blot: 70 ug of total protein was loaded into each lane for 4 and 2.75 HPF embryos.
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Pre-MBT embryos
have one of 2 DNA
damage signaling
pathways intact
Our results show that
checkpoint signaling downstream of Chk1 is intact in
pre-MBT embryos, since
premature Chk1 activation
leads to cell cycle delay, and
further that all components
of the checkpoint program
are maternally provided.
We next asked how DNA
damage signaling changes
at the MBT. One of the
earliest cellular responses to
DNA damage is phosphorylation of the histone variant H2AX, which creates
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foci at sites of DNA damage that act as docking sites for additional
DNA damage response proteins.35 Given its essential role in DNA
damage response initiation, we monitored gH2AX by immunofluorescence in pre- and post-MBT embryos in response to ionizing
radiation (IR), using a phospho-specific antibody. Treatment with
10 Gy ionizing radiation causes severe DNA damage, as indicated
by abnormal nuclei, but does not lead to cell cycle delay in preMBT embryos (Fig 4A), as expected since these embryos lack cell
cycle checkpoints. Despite the lack of cell cycle delay, gH2AX levels
increased dramatically in response to IR in pre-MBT embryos
(Fig. 4B, left panels), demonstrating that these embryos are indeed
capable of detecting DNA damage and can activate the first major
step in the checkpoint signaling pathway. Treatment with IR also
induced an increase in gH2AX in post-MBT embryos, as expected
for cells with fully functional damage checkpoints (Fig. 4B, right
panels).
Downstream of gH2AX, the cellular response to DNA damage can be divided into 2 main signaling cascades that lead to
phosphorylation and activation of the Chk1 or Chk2 checkpoint
kinases. Both pathways converge on Cdc25, a positive regulator
of cell cycle progression that is inhibited by phosphorylation by
Chk1 or Chk2. To directly test whether Chk1 and Chk2 signaling pathways are active prior to the MBT, we examined phosphorylation of each after DNA damage. We used phosphospecific antibodies against human Chk2-Thr68 (pChk2) or
human Chk1-Ser345 (pChk1), well established markers for
Chk2 or Chk1 activation that are also used in zebrafish.36,37
Embryos were treated with IR to induce DNA damage, then
fixed and stained with the phospho-specific antibodies. Chk2 is
robustly phosphorylated in response to IR in both pre-MBT and
post-MBT embryos (Fig 5A, C), indicating that the Chk2 pathway is intact before the MBT. Chk1 is also robustly phosphorylated in response to IR in post-MBT embryos, but Chk1
phosphorylation increases only slightly in pre-MBT embryos
(Fig 5B, C), although Chk1 protein is present at both stages (Fig
5D). The failure to fully activate Chk1 is consistent with a previous finding in Xenopus embryos with aphidicolin, a DNA damage-inducing replication inhibitor.15 Taken together, our results
demonstrate a key difference in DNA damage signaling in preMBT versus post-MBT embryos. The Chk1 pathway is active
only after the MBT, whereas Chk2 signaling is intact even prior
to the MBT, although activation of this pathway alone does not
lead to cell cycle delay. These results, together with our finding
that premature Chk1 activation leads to cell cycle delay before
the MBT (Fig 1), indicate that the lack of Chk1 activity prior to
the MBT limits checkpoint function.

Discussion and Conclusions
Our findings address how embryos orchestrate the maternal to
zygotic transition, specifically ZGA and cell cycle remodeling at
the MBT. Despite their simultaneous emergence, we show that
these major events are governed by independent mechanisms.
Our data are consistent with the model that zygotic transcription
is coupled to the N:C ratio. Premature Chk1 activation in
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cleavage-stage embryos lengthens the cell cycles and therefore
slows the increase in N:C ratio. In these embryos, transcriptional
activity increases in proportion to the N:C ratio.
Drosophila Chk1 mutants do not slow their cell cycles and do
not undergo ZGA.38 However, Drosophila Chk1/Chk2 double
mutants maintain rapid cell cycles like Chk1 single mutants yet
still activate transcription of several zygotic genes, suggesting that
neither Chk1 activation nor cell cycle elongation is required for
ZGA in Drosophila.39 On the other hand, evidence from other
systems indicates that cell cycle elongation is involved in ZGA,
based on the observation that the production of gene products is
limited by the time it takes to transcribe and process RNA.40
The rapid cell cycles of pre-MBT embryos might not support
this process, as mitosis is not compatible with transcription.10
Consistent with this idea, overexpression of replication factors in
Xenopus embryos leads to continuation of rapid cell cycles and
delays the expression of a large number of zygotic genes,13 while
precocious RNA synthesis occurs when cell cycles are artificially
lengthened in Xenopus pre-MBT embryos treated with cycloheximide, an inhibitor of protein synthesis.9 In addition, the majority of zygotic genes expressed before the MBT in zebrafish are
short, underscoring the idea that cell cycle elongation may be
required to create a permissive environment for the expression of
longer gene products.6 Although it may contribute to ZGA, our
results show that cell cycle elongation is not sufficient for ZGA,
as premature cell cycle lengthening does not lead to transcriptional activation at a lower N:C ratio.
Instead, our findings are consistent with previous studies that
suggest that the N:C ratio governs ZGA. Work in Xenopus
embryos demonstrated that transcription in pre-MBT embryos
can be triggered precociously either in polyspermic embryos or
by the addition of exogenous DNA to reach an N:C ratio characteristic of the MBT.8 Precocious transcription also occurs in
polyploid cells, with a high N:C ratio, of zebrafish embryos with
a mutation that prevents chromosome segregation but leaves
cleavage intact.28 How transcriptional activation depends on the
N:C ratio remains unclear. A cytoplasmic ZGA repressor may
inhibit zygotic transcription until it is titrated out by a critical
amount of DNA, and candidate transcriptional repressors have
been identified in Xenopus and Drosophila.41,42 Alternatively, the
N:C ratio could indirectly control ZGA if it affects other MBT
events not addressed in the present study, such as maternal transcript degradation and chromatin modifications, which have also
been suggested to regulate ZGA.43,44 The influence of the N:C
ratio on these events remains a question for future work.
An implication of our data is that transcriptional activity does
not dramatically increase at a specific N:C ratio, which suggests
that ZGA is not a single, abrupt event. Rather, transcriptional
competence gradually increases, even throughout the cleavage
divisions. Indeed, analyses of RNA synthesis and large-scale gene
expression have found zygotic gene expression in Drosophila, Xenopus and zebrafish well before the MBT.1,4-6,45,46 Additionally,
gene expression profiling data from haploid and diploid Drosophila embryos suggest more complex regulation of zygotic transcription, with distinct subsets of zygotic transcripts that depend
either on time or on the N:C ratio.1
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Our studies also provide insight into cell cycle remodeling at
the MBT. We show that checkpoint acquisition can be
uncoupled from zygotic transcription, and that checkpoint components are maternally supplied. Rather, differences in Chk1
activation underlie checkpoint function in pre- vs. post-MBT
embryos. We demonstrate that pre-MBT embryos can detect
DNA damage and activate Chk2 but not Chk1. Although there
are mixed results on the ability of Chk2 to support a checkpoint
without Chk1,47-49 our findings indicate that the lack of Chk1
activity accounts for the absence of DNA damage checkpoints
during cleavage cycles. In addition, we show that premature
Chk1 activation lengthens cell cycles, likely through inhibition of
Cdc25,16 consistent with previous findings in Xenopus.15,16
Together, these results indicate that signaling downstream of
Chk1 is intact before the MBT, but the checkpoint is not functional because Chk1 is not activated after DNA damage.
The principal goal of cleavage-stage cell cycles is to rapidly
amass enough cells for later developmental stages. Uninterrupted
cell cycle progression takes priority in pre-MBT stage embryos,
even in the face of DNA damage. Absence of Chk1 activity is a
strategy for embryos to avoid cell cycle delays prior to the MBT.
Furthermore, embryos hijack the ability of Chk1 to delay cell
cycle progression by transiently activating Chk1 at the MBT,
which contributes to cell cycle elongation.16,50 We suggest a unifying model for cell cycle remodeling in which Chk1 gain-offunction dictates timing of both cell cycle elongation and DNA
damage checkpoint acquisition in early embryogenesis. Chk1
gain-of-function at the MBT has been attributed to replication
stalling and the phosphorylation of Claspin, an adaptor kinase
that promotes Chk1 activation,51,52 which are both sensitive to
the N:C ratio,22,53 but further work is required for a full understanding of this process.

minutes by fluorescence. At each time point a z series of 10
images was collected at 10 mm intervals. Max intensity projections are shown. Cell cycle lengths were measured by manually
tracking nuclear morphology visualized by Alexa 594-histone
H1, using ImageJ and Metamorph software. For cell cycle length
measurements in embryos treated with IR, embryos were irradiated immediately before mounting and imaging.
DNA damage and embryo drug treatments
For pH3 staining, post-MBT embryos were treated with
250 mM HU dissolved in E3 buffer for at 3.25 HPF for 45 min,
then fixed. For gH2AX, pChk1 and pChk2 staining embryos
were treated with 10 Gy ionizing radiation with a Gammacell 40
irradiator (Nordion International), using cesium-137 as the radiation source. Pre-MBT embryos either fixed immediately after
irradiation or after 7 min as above, and interphase nuclei were
analyzed. Post-MBT embryos were all fixed immediately after
irradiation. To inhibit transcription, 2 nL of 1 mg/mL a-amanitin dissolved in ddH2O was injected into the cell of 1-cell stage
embryos. Embryos were incubated in E3 buffer at 288C until
drug treatment with HU or RNA extraction.
Reverse transcription-polymerase chain reaction
RNA was isolated using Trizol (Invitrogen) from embryos at
2, 3.5, 3.75 and 4 HPF following the manufacturer’s instructions, using 50 embryos were used for each condition and timepoint. 3.75 HPF embryos were used for testing transcription
activity in Chk1-4E embryos as transcripts did not appear until
then. Single-stranded cDNA was synthesized from total RNA
extracted, using the SuperScript III First Strand Synthesis System
(Invitrogen) following the following the manufacturer’s instructions, using random hexamer primers. b-actin was used as the
loading control. Primers used for PCR reaction were as follows:

Methods

nanor
Fwd: CAGCGAGCAGCGTTTACAGCGG
Rev: GAGGGAATCACCGCTCTGGTCTG

Fish husbandry
Embryos were collected from natural mating and incubated in
E3 buffer (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,
0.33 mM MgSO4) at 288C. All experiments were carried out in
the TLF strain.
Cell cycle length measurements using Histone H1-594
Histone H1 from calf thymus (Sigma) was conjugated to
Alexa-Fluor 594 (Invitrogen) following the manufacturer’s
instructions. 1-cell stage embryos were injected with Alexa 594histone H1 and incubated in E3 buffer at 28 C until live imaging. For live imaging, embryos were dechorionated with 1 mg/
mL pronase in E3 buffer for 10 min, washed 2x in E3 buffer,
then mounted on a 4-well fluorodish (Grenier Bio-One) in 0.4%
agarose dissolved in E3 buffer.. Images were acquired using a 20x
0.7 NA objective on an inverted fluorescence microscope
(DM6000, Leica Microsystems) equipped with an automated
XYZ stage and a charge-coupled device camera (Orca-AG,
Hamamatsu Photonics), controlled by Metamorph Software
(MDS Analytical Technologies). Embryos were imaged every 1-2
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lrat
Fwd: ACGGGTCCAATATTTTGCTG
Rev: AGRCATCCACAAGATGAAGG
apoeb
Fwd: AGCAGAATGCAGATGACGTG
Rev: TCAGAGAGGTGCGTAGGTT
b-actin
Fwd: ACGCTTCTGGTCGTACTA
Rev: GATCTTGATCTTCATGGT
Immunofluorescence
Embryos were fixed with 4% paraformaldehyde in PBST
(PBS with 0.1% Tween-20) overnight at 4 C, then manually
dechorionated and dehydrated in 100% methanol overnight at
¡20 C. Embryos were rehydrated the next day sequentially with
75%, 50% and then 25% methanol in PBST (5 min each), then
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permeabilized with 100% acetone at ¡20 C for 7 min, then
blocked with buffer containing 20% Heat-inactivated FBS, 20%
Blocking reagent (Roche) and 1% DMSO in PBST for 1 hr at
room temperature. Antibodies were diluted in blocking buffer,
applied to embryos and incubated overnight at 4 C. Embryos
were then washed 4 times (30 min each) with PBST, incubated
with secondary antibody in blocking buffer, washed another
3 times, stained for 5 min with SYTOX Green (Invitrogen),
then washed once with PBST. Embryos were mounted on fluorodishes (World Precision) in 4% methylcellulose dissolved in
E3 buffer.
Primary antibodies were: mouse monoclonal against phosphoSer10 Histone H3 (1:1000, Millipore cat #05-806); rabbit
polyclonal against RNA Polymerase II subunit B1 CTD phospho-Ser2/5 (pRbp1) (1:1000, Cell Signaling cat #4735); rabbit
polyclonal anti-gH2AX (1:1000, gift from Dr. James Amatruda,
University of Texas Southwestern); rabbit monoclonal against
human Chk1 phospho-Ser345 (1:500, Cell Signaling cat
#2348); rabbit polyclonal against human Chk2 phospho-Thr68
(1:250, Cell Signaling cat #2661). Secondary antibodies were
Alexa-Fluor 594-conjugated anti-mouse or anti-rabbit (1:200,
Invitrogen).
All fixed embryos were imaged with a spinning disk confocal:
a microscope (DM4000, Leica) with a 20 £ 0.7 NA objective or
a 63 £ 1.3 NA glycerol objective, an XY piezo-z stage (Applied
Scientific Instrumentation), a spinning disk (Yokogawa), an electron multiplier charge-coupled device camera (ImageEM, Hamamatsu Photonics), and an LMM5 laser merge module equipped
with 488 and 593 nm lasers (Spectral Applied Research) controlled by Metamorph software. To quantify gH2AX, pRbp1,
pChk1, or pChk2 staining, nuclei were defined based on DNA
staining, and phospho-antibody staining intensity was averaged
over all nuclei in each field after subtracting background based
on cytoplasmic intensity using ImageJ software. % mitotic cells
was quantified by calculating pH3 positive nuclei as a fraction of
total nuclei (by DNA stain) in a field.
Nuclei density measurements
Control and Chk14E-injected embryos were fixed at 15-minute intervals between 2.25 and 3.5 HPF and stained with
STYOX Green to label nuclei. Embryos were imaged as
described above, and a z-series of 10 images was collected at
10 mm intervals for each embryo. We used ImageJ Object 3D
Counter to count the number of nuclei within an isolated field
measuring 157 £ 157 mm across 3 z-slices for individual
embryos.
mRNA constructs and injections
Wildtype zebrafish Chk1 cDNA was purchased from ATCC
(Cat no. 5410666) and cloned into a GFP-pCS2C mRNA
expression vector. The constitutively active, phosphomimetic
zChk123 was created by mutating 4 residues (S256E, S280E,
T292E, S301E) in zebrafish Chk1 in a 492 basepair gBlock gene
fragment (IDT). This fragment replaced residues 193-358 of
wildtype zChk1 in GFP-pCS2C. A cDNA encoding the N-terminal kinase domain of Chk1 (amino acids 1-99) was amplified
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from wildtype zChk1 and cloned into GFP-pCS2C to create
DC-Chk1-GFP construct. Another cDNA encoding a C-terminal domain of Chk1 (amino acids 215-410) was amplified from
wildtype zChk1 and cloned into GFP-pCS2C to create the DNChk1-GFP construct. The Ambion mMessage mMachine SP6 in
vitro transcription kit was used to make Chk1-GFP and Chk14E-GFP, DC-Chk1-GFP, and DN-Chk1-GFP mRNA. All constructs were injected into the cell of the 1-cell stage embryo.
mRNAs were diluted in 0.2M KCl. Each embryo was injected
with a 6.75 ng of mRNA. For live imaging, Histone H1 protein
was also added to the injection mix. Expression of Chk1 constructs was monitored by GFP expression.
Morpholino injections
The morpholino oligonucleotide (MO) for Chk1 was synthesized by Gene ToolsTM LLC, resuspended in sterile water at a
concentration of 1mM and delivered into zebrafish embryos at
the one-cell stage by microinjection. Chk1 MO sequence is: aggcacagccattatgcaatcttcg.54 Working concentration of the MO was
0.75 mM
Chk1 Immunoblotting
Frozen embryo samples were thawed on ice, diluted in 6x
Laemmli sample buffer and loaded on 4-20% Ready Gel TrisHCl Gels (Bio-Rad). 70 ug of protein was loaded onto each lane.
Samples were electrophoresed at 100 mA, transferred to Hybond
ECL nitrocellulose membrane (GE Healthcare), and blocked for
1 hour in PBS plus 0.1% (v/v) Tween-20 and 3% Blocking
Agent (ECL Advance; GE Healthcare) at 25 C. Zebrafish-specific anti-Chk1 antibody (60B253; Antagene; 1:500 dilution)
was used to detect Chk1. Horseradish peroxidase-conjugated secondary antibody (Amershame Biosciences; 1:100,000 dilution)
were detected with chemiluminescence (ECL Advance; Amersham Biosciences).
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