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Different cyclin

types collaborate to reverse the

S-phase checkpoint and permit prompt mitosis

Kai Yuan, Jeffrey A. Farrell, and Patrick H. O’Farrell

Department of Biochemistry, University of California, San Francisco, San Francisco, CA 94158

recise timing coordinates cell proliferation with

embryonic morphogenesis. As Drosophila mela-

nogaster embryos approach cell cycle 14 and the
midblastula transition, rapid embryonic cell cycles slow
because S phase lengthens, which delays mitosis via the
S-phase checkpoint. We probed the contributions of each
of the three mitotic cyclins to this timing of interphase
duration. Each pairwise RNA interference knockdown
of two cyclins lengthened interphase 13 by introducing
a G2 phase of a distinct duration. In contrast, pairwise

Introduction

Most metazoan species lay large eggs with provisions for the
entirety of embryogenesis. These eggs begin embryogenesis
with rapid cell cycles, and when cell number is adequate to
begin development, the cell cycles slow, and zygotic gene ex-
pression from the newly amplified nuclei begins to direct the
events of morphogenesis (O’Farrell et al., 2004). This transition
from rampant proliferation to morphogenesis is called the mid-
blastula transition (MBT; Newport and Kirschner, 1982a,b).
Throughout these stages, the mechanisms timing the cell cycle
and those timing development are interwoven. We are probing
the basis of this temporal control.

Drosophila melanogaster embryogenesis begins with 13
rapid, synchronous mitotic cycles that occur without zygotic
gene expression. These cycles lack gap phases and cytokinesis.
Instead, they oscillate between S phase and mitosis, amplifying
nuclei in a syncytial cytoplasm until the MBT, which occurs in
interphase of cycle 14. Early interphases extend progressively,
beginning as short as 3.4 min, lengthening to 12 min by cycle 13,
and abruptly jumping to 90 min or more in cycle 14, the first
asynchronous cycle (Foe and Alberts, 1983; Edgar et al., 1986;
Shermoen et al., 2010). This temporal course is tightly coupled
with development so that cycle 14 is marked by cellularization
of the syncytial nuclei and onset of gastrulation.
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cyclin knockdowns failed to introduce a G2 in embryos
that lacked an S-phase checkpoint. Thus, the single re-
maining cyclin is sufficient to induce early mitotic entry,
but reversal of the S-phase checkpoint is compromised
by pairwise cyclin knockdown. Manipulating cyclin levels
revealed that the diversity of cyclin types rather than
cyclin level influenced checkpoint reversal. We conclude
that different cyclin types have distinct abilities to reverse
the checkpoint but that they collaborate to do so rapidly.

Usually, mitosis and progress to the next cycle are trig-
gered by Cdc25 phosphatase’s removal of inhibitory phosphate
from preformed cyclin-Cdk1l complexes (Russell and Nurse,
1986; Edgar and O’Farrell, 1989; O’Farrell, 2001). Indeed, at
the first post-MBT mitosis, cyclins are in excess in Drosophila,
and a pulse of transcription of the string gene, which encodes a
Cdc25 phosphatase, times mitosis (Edgar and O’Farrell, 1989,
1990; Lehner and O’Farrell, 1989; Edgar et al., 1994). How-
ever, the pre-MBT cycles are independent of transcription, and
so, their timing cannot be governed by Cdc25 transcription.

Although it has been suggested that accumulation of
cyclin times early rapid embryonic cycles (Murray and Kirschner,
1989), studies in Drosophila have instead implicated S-phase
duration as the interphase timer. In the earliest S phases, the
genome is replicated remarkably quickly by the simultaneous
firing of many origins. During cycles 11 to 13, slight but in-
creasing delays in the onset of replication of heterochromatic
satellite sequences gradually extend S phase (McCleland et al.,
2009a; Shermoen et al., 2010). During these cycles, complete
deletion of S phase, by blocking the formation of prereplica-
tion complexes, shortens interphase, indicating that S phase
indirectly or directly times interphase duration (McCleland
et al., 2009a). Mutations that inactivate the S-phase checkpoint,
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mei-41 (dATR) or grapes (grp; dChk1), also shorten interphase
and, by the time of the thirteenth cycle, result in catastrophe
when nuclei enter mitosis with incompletely replicated DNA
(Sibon et al., 1997, 1999; Yu et al., 2000). Thus, gradually
lengthening S phase acts through the S-phase checkpoint to
govern interphase length.

Some experiments that altered maternal cyclin gene
dose showed a cyclin influence on the length of early cycles
(Edgar et al., 1994; Stiffler et al., 1999). These findings were ini-
tially interpreted as an indication that cyclin levels time mitotic
entry; however, we would now like to test alternative interpreta-
tions that might be more consistent with findings implicating
S phase as the interphase timer. Like most organisms, Drosophila
has multiple mitotic cyclins—CycA, CycB, and CycB3—which
exhibit partial redundancy (Jacobs et al., 1998). Consistent with
redundancy, RNAi knockdown of all three cyclins was required
to arrest early embryos in interphase (McCleland and O’Farrell,
2008). However, unique defects that were seen when a single
cyclin promoted mitosis revealed that the different cyclin types
differ in their action (McCleland et al., 2009b). Because a change
in gene dose of a cyclin will alter the relative abundance of cyclin
types as well as cyclin level, the consequences might be caused
by either of these changes. We have made an effort to distin-
guish cyclin level and cyclin-type effects on the cell cycle.

Previously, we tested the influence of cyclin level without
the obfuscation of changing distributions of cyclin type; two
of the three mitotic cyclins were knocked down by RNAI, and
the level of expression of the one remaining cyclin was altered
by changing gene dose. In this situation, change in the gene
dose of the remaining cyclin did not substantially alter inter-
phase duration (Fig. 1 A), indicating that the accumulation
of the cyclin protein does not limit entry into mitosis in this
experimental situation (McCleland et al., 2009b). This find-
ing suggested that cyclin levels are in excess of requirements
for mitotic entry, a conclusion in accord with the finding that
S-phase duration governs interphase length (Sibon et al., 1997,
1999; McCleland et al., 2009a).

Thus, the past observations might be explained if changes
in the distributions of cyclin type influenced interphase dura-
tion. This could be understood if the cyclins differed in their
potency to trigger mitosis. For example, it was proposed that
CycA could be specialized to prime entry into mitosis (Clarke
et al., 1992; Gong et al., 2007). Alternatively, because we recently
showed that down-regulation of all three “mitotic” cyclins in
the early cycles extends S phase (Farrell et al., 2012), perhaps
the cyclin types could differ in abilities to accelerate S phase.
Surprisingly, however, the cyclin-type input does not involve
either of these mechanisms.

We knocked down two cyclins and then evaluated the
ability of the remaining one to support interphase 13 progres-
sion. Each pairwise knockdown prolonged interphase to a dif-
ferent degree (cyclin-type effect). In the prolonged interphase,
S phase was barely extended, and instead, a gap phase was intro-
duced after S phase. Different gap-phase durations accounted
for the cyclin-type effect. Inactivation of the DNA replication
checkpoint eliminated this new gap phase, restored a short
interphase, and removed the cyclin-type effect on interphase
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duration. Thus, the G2 introduced by cyclin knockdown re-
quires the S-phase checkpoint, indicating that the G2 repre-
sents the time of recovery from the checkpoint. Consequently,
the cyclin-type effect reflects differences in the ability of the
different cyclins to promote checkpoint reversal.

Results and discussion

Cyclin type influences interphase length
more than cyclin level

RNAI of all three mitotic cyclins in the syncytial embryo arrests
the cycle in an interphase that exhibits a prolonged S phase and,
before cycle 13, uncoupled centrosome replication (McCleland
and O’Farrell, 2008; Farrell et al., 2012). In contrast, pairwise
knockdown of cyclins allows progress to mitoses that exhibit
distinctive defects depending on which cyclin remains (McCleland
et al., 2009b). Here, we examine the consequence of pairwise
knockdown of cyclins on interphase time.

Two of the three cyclins were removed by double-strand
RNA (dsRNA) injection, and the cycle driven by the remaining
cyclin was evaluated by live imaging. For example, CycB and
CycB3 (abbreviated as CycB+B3 hereafter) were knocked
down, and progress through the cycle with the remaining CycA
(Fig. 1 C) was compared with control (Fig. 1 B). Transforming
acidic coiled coil (TACC)-GFP and H2AvD-RFP were used to
visualize the centrosome and nuclear cycles, respectively. Inter-
phase duration was extended after knockdown of any pair of
cyclins (Fig. 1, C and D). The centrosome cycle was extended
in coordination with the cell cycle (Fig. 1 C). The results show
that any single remaining cyclin is sufficient to promote mitosis
13 and a coordinated centrosome cycle but that no single cyclin
can support normal interphase timing.

The prolongation of interphase upon pairwise knockdown
suggested that cyclins have a role in defining interphase length.
In previous work, we halved the level of the remaining cyclin
by reducing gene dose in embryos with two knocked down
cyclins (Fig. 1 A). This reduction of cyclin level had little effect
on interphase timing, but it compromised execution of mitotic
events (McCleland et al., 2009b). Thus, after pairwise cyclin
knockdown, cyclin levels limit execution of mitosis but not the
timing of mitotic entry.

In addition to the published reduction of function experi-
ments, we wanted to test whether increasing the level of cyclin
would reveal a cyclin level input into the timing of mitosis. To
this end, we injected embryos with different pairwise combina-
tions of cyclin dsRNA, and when they reached cycle 13, we
injected them with a purified Drosophila GST-CycB fusion
protein at one pole (Fig. 2 A). In embryos running on CycA
alone (CycB+B3 RNAI) or embryos running on CycB3 alone
(CycA+B RNAI), the injected GST-CycB accelerated progress
to mitosis (Fig. 2, C and D; and Videos 2 and 3). However, in
embryos running on CycB alone (CycA+B3 RNAI), the in-
jected GST-CycB did not accelerate progress to mitosis (Fig. 2,
B and D; and Video 1). Thus, injected CycB synergized with
CycA or CycB3 to advance mitosis, but the same injection
of CycB did not advance mitosis in embryos in which endog-
enous CycB was the remaining cyclin. Therefore, restoration
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Figure 1. Cyclin-type effect on interphase timing. (A) As illustrated for RNAi knockdown of CycA (A) and CycB3 (B3), after pairwise cyclin knockdown,
the dose of the remaining cyclin (CycB, B) did not significantly affect interphase length (McCleland et al., 2009b). Halving the gene dose of the remaining
cyclin (performed for all combinations) had a minimal effect on interphase length (comparison on the left), arguing that cyclin level is not a major determi-
nant of interphase length in these conditions. In contrast, the type of cyclin remaining (comparison on the right) influences interphase duration (this study).
(B and C) Real-time records of histone (RFP-H2AvD) and centrosomes (GFP-TACC) show that RNAi against CycB+B3 (C), which created a situation in which
the cell cycle was running mainly on CycA, greatly extended the interphase length in cycle 13 compared with the control (B; 28:12 vs. 13:46 [minutes and
seconds]). Bar, 10 pm. (D) Interphase durations in control and each of the pairwise cyclin knockdown embryos. Mean interphase 13 length was 12.02 +
0.92 min in control embryos, whereas knockdown of CycA+B, CycA+B3, or CycB+B3 extended interphase to 19.19 + 1.57, 16.76 = 1.67, or 24.81 +

1.75 min, respectively (+SD). Horizontal lines show means.

of a second cyclin type, but not an increase in cyclin level, ad-
vanced mitosis. This experiment supports previous gene dose ex-
periments in arguing that the level of the single remaining cyclin
is not a major determinant of interphase length under the pairwise
cyclin knockdown conditions. We propose that the different
cyclin types have somewhat specialized activities and collaborate
to promote rapid entry into mitosis. We have sought an explanation
for this phenomenon and have uncovered an unexpected influence
of cyclin type on cell cycle progress.

Pairwise cyclin knockdown introduces

a gap phase

Because S-phase duration governs interphase length in the early
cycles (McCleland et al., 2009a) and we recently showed that
cyclin—Cdkl1 activity shortens S phase (Farrell et al., 2012), we
tested whether pairwise cyclin knockdown extends S phase.
The changing distributions of proliferating cell nuclear antigen
(PCNA)-GFP, which marks the sliding clamp of DNA poly-
merase, allowed us to visualize S phase (McCleland et al., 2009a;
Farrell et al., 2012). We injected pairwise combinations of cyclin
dsRNA into embryos expressing H2AvD-RFP and then injected
PCNA-GFP recombinant protein and imaged cells near the point

of injection. In control embryos (Fig. 3 A and Video 4), PCNA
accumulated in the nucleus at the onset of interphase (Fig. 3 A,
00:56) and then became increasingly restricted to foci that
dimmed and dispersed at the end of S phase (Fig. 3 A, 11:12). Dis-
persal of PCNA from the nucleus marked nuclear envelope break-
down (Fig. 3 A, 13:37 and 15:03). Except for a delay in nuclear
envelope breakdown, the PCNA dynamics showed little change
upon pairwise cyclin knockdown (Fig. 3, B-D; and Videos 5,
6, and 7), and the extension of S phase was small in comparison
to the change in interphase (Fig. 3 E). Additionally, the S phase
extension did not approach the near doubling of S phase caused
by the triple cyclin knockdown (Farrell et al., 2012).

Pairwise cyclin knockdown introduced a distinct pause
between the completion of S phase and onset of chromosome
condensation (Fig. 3, B-D and F). To confirm that PCNA foci
correctly marked S phase and that DNA replication did not
extend into the “gap” phase, Alexa Fluor 546-labeled deoxy-
UTP (dUTP) was injected into these cyclin RNAi-treated
embryos before and after the dispersal of PCNA foci. For all
knockdowns, nucleotide was incorporated before, but not after,
PCNA foci dispersal (e.g., Fig. 3, G and H), indicating that
PCNA appropriately marks completion of active replication.

Timing embryonic mitotic cycles ¢ Yuan et al.
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Figure 2. Diversity of cyclin types influences interphase length, whereas amount of a single cyclin has little effect. (A) Schematic of the experiment. dsRNA
to two of the three cyclins was introduced throughout the embryo in cycle 10. Rhodaminetagged GST-CycB protein was then injected at one pole during
interphase 13. Embryos were imaged in regions 1 and 2, and the timing of mitosis in the two regions was determined. (B and C) Video frames of cycle 13
in which the remaining cyclin is CycB (B) or CycA (C). After injection of the GST-CycB protein, red fluorescence is seen in the injected pole (rhodamine).
The absence of red at the other pole shows that significant GST-CycB does not reach the other pole in this time frame. Noting time stamps (minutes and
seconds) on the images, it can be seen that GST-CycB does not advance mitosis when introduced into the CycB alone embryo but does advance mitosis
when introduced into the CycA alone embryo. Bar, 5 pm. (D) A compilation of timing results from these experiments. Error bars represent SDs. n = 3.

The finding that no pairwise cyclin knockdown gave the
dramatic extension of S phase previously reported after triple
cyclin knockdown (Farrell et al., 2012) leads us to conclude that
each cyclin type is capable of accelerating S phase. Further-
more, we conclude that pairwise cyclin knockdown in the syn-
cytial cycles generates a G2-like gap phase whose duration
depends on which cyclins are knocked down (Fig. 3 F).

The induced G2 depends on the DNA
replication checkpoint

Because cyclin levels are not limiting, we presumed that some-
thing else must be responsible for the G2 that is created upon
knockdown of two of the three cyclins. How can this be?

We tested the contribution of S phase by deleting S phase
to examine the consequence on the time of mitotic entry. Injec-
tion of the Cdt1 inhibitor Geminin blocks the licensing of replica-
tion origins, thereby deleting the subsequent S phase (McCleland
et al., 2009a). As previously reported, Geminin injection into cycle
12 control embryos, which deletes S phase 13, shortened inter-
phase 13. Geminin injection also shortened interphase 13 in the
cyclin knockdown embryos, shortening it almost to the duration

JCB « VOLUME 188 « NUMBER 6 « 2012

of interphase in embryos with a full complement of cyclins
(Fig. 4 A). S phase deletion also attenuated the differences in
interphase length among the different cyclin knockdowns. Thus,
S phase influences interphase duration, even though it is ordi-
narily completed well before mitosis in the cyclin knockdown
embryos. Furthermore, the different cyclin types drive mitosis
at similar times in the absence of S phase, suggesting similar
potencies to drive mitosis under these conditions.

Pairwise knockdown of cyclins in embryos lacking Chk1/
Grapes (embryos from grp mutant mothers) modestly extends
interphase in the grp embryo (Fig. 4 A). This knockdown also
substantially suppresses the mitosis 13 defects in grp embryos
(Figs. 4, B-E; and S2, A and B). The mitotic catastrophe in grp
embryos has long been thought to be caused by entry into mito-
sis with incompletely replicated DNA. Indeed, our analysis of
PCNA localization (Figs. 4 and S2, C and D) supports a pro-
posal that the small extension of interphase allows completion
of S phase and, hence, suppression of the catastrophe. This sup-
pression of the grp phenotype, which extends to partial restora-
tion of gastrulation (Video 8), is reminiscent of suppression of
hypomorphic mei-41 mutations when the maternal dose of CycA
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Figure 3. Interphase progression in cyclin
RNAi-treated embryos. (A-D) Video frames of
GFP-PCNA (top; white) and histone-RFP (bottom;
red) during the thirteenth syncytial cycle. Time
is given in minutes and seconds. (A) Control
embryos had a short gap phase before mitotic
entry (<2 min, between 11:12 and 13:37;
Video 1). (B-D) Pairwise knockdown of mitotic
cyclins prolonged interphase, mainly by extend-
ing the G2 (e.g., ~6 min between 15:57 and
21:59 in B; Video 2). (E) S-phase duration. Mild
prolongations of S phase were observed in
CycA+B and CycA+B3 RNAi+treated embryos
as compared with the control, whereas treatf-
ment with CycB+B3 RNAI had no significant
effect. (F) Gap-phase duration. All the combi-
nations of cyclin RNAI treatment extended the
gap phase. CycB+B3 RNAi was most dramatic.
Error bars represent SDs. n > 3. (G and H)
Alexa Fluor 546-dUTP (red) was incorporated
infto DNA when injected before but not after
the dispersal of PCNA foci (green) in CycB+B3
RNAi-treated embryos. Bars, 5 pm.

and/or CycB was reduced (Sibon et al., 1999). However, the interphase 13 (Fig. 4 A). Thus, each individual cyclin type can

most important feature of this analysis is that the extension drive rapid advance to mitosis in the absence of functional
of interphase by pairwise cyclin knockdown in grp embryos is Chk1. Furthermore, the G2 that was introduced by cyclin knock-
so slight that interphase remains shorter than a wild-type down was absent in grp embryos (Fig. 4, C-E), and cyclin

Timing embryonic mitotic cycles ¢ Yuan et al.
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Error bars represent SDs. Detailed measurements are listed in Table S1. Data for cyclin RNAi experiments in wild-type embryos are reproduced from
Fig. 1 D for purpose of comparison. (B-E) Video frames of grp™ mutant embryos in cycle 13 (GFP-PCNA is shown in white, and histone-RFP is shown in
red) aligned at the start of DNA condensation (t = 00:00). Time is given in minutes and seconds. Bars, 5 pm. (F) A schematic model in which checkpoint

inhibition of cyclin-Cdk1 (gray) is reversed by compartment-specific action of cyclins plus a slow communication between compartments (arrows).

type—specific differences in interphase length were minor
(Fig. 4 A). These results demonstrate that mitotic entry is timed
primarily by the Grapes-dependent checkpoint in cyclin knock-
down embryos and, moreover, that the G2 induced in these
embryos results from action of the checkpoint.

How might S phase govern the time of mitosis when mi-
tosis begins well after completion of S phase? To test whether
the S-phase checkpoint delayed accumulation of the remaining
cyclin, we immunoblotted single knockdown embryos to follow
accumulation in wild-type and grp embryos. Cyclin accumu-
lated during S phase in both wild-type and grp mutant embryos
(Fig. S3). Thus, Grapes function does not delay the production
of cyclin. Instead, the difference between grp* and grp~ em-
bryos suggests that persistent activity of the checkpoint prevents
the checkpoint-competent embryos from going into mitosis
after pairwise cyclin knockdown. Because wild-type embryos

enter mitosis immediately after S phase, the checkpoint is rap-
idly reversed when there is a full complement of cyclin types,
but its reversal is delayed upon pairwise cyclin knockdown.
Apparently, the different cyclin types ordinarily collaborate to
rapidly reverse the checkpoint.

Our findings show that a persistent action or consequence of the
DNA replication checkpoint underlies a G2 phase that is intro-
duced by pairwise knockdown of cyclins. One might propose
that cyclin knockdown doesn’t really cause persistence of the
checkpoint activity but simply makes a slowly decaying check-
point function longer by compromising the cyclin—Cdk1 activity
that must be suppressed by the checkpoint. We disfavor such an
interpretation because it is quantitative, and the data argue that
neither reduction nor increase in the remaining cyclin affects
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the duration of interphase. Instead, we argue that cyclin—-Cdk1
contributes to shutting off the checkpoint and propose that effi-
cient shutoff of the checkpoint requires multiple cyclin types.
One way to explain this is based on the distinct subcellular
localizations of mitotic cyclins (Jacobs et al., 1998; Stiffler
etal., 1999). Once activated, the checkpoint can operate in mul-
tiple cellular compartments, such as the nucleus and the cyto-
plasm. Although signals coordinate entry into mitosis in the
cytoplasm and nucleus (Gavet and Pines, 2010), persistent nuclear
checkpoint activity can prevent mitotic entry despite cytoplas-
mic Cdk activity (Heald et al., 1993). Individual cyclins would
not be able to act on their own to reverse the checkpoint in all
compartments if each is excluded from one compartment. For
example, cyclin B is efficiently excluded from the nucleus in
cycle 13 embryos (Maldonado-Codina and Glover, 1992) and
presumably would not contribute to checkpoint reversal in this
compartment, whereas cyclin B3 is nuclear (Jacobs et al., 1998). In
embryos with only CycB, the checkpoint should be reversed
first in the cytoplasm; however, progress to mitosis should
depend on slower reversal in the nucleus, which might be based
on communication between compartments (Fig. 4 F). Consis-
tent with this proposal, injection of CycB protein preferentially
drove cytoplasmic, but not nuclear, mitotic events (Royou et al.,
2008). The full complement of cyclins with distinct localiza-
tions, however, appears to reverse the checkpoint promptly and
coordinately in all the compartments.

Our data demonstrate a cyclin-type effect on reversal of
the DNA replication checkpoint, which emphasizes the quali-
tatively distinct contributions among mitotic cyclins during
mitotic entry. This study opens many further questions, such as
what causes the checkpoint to inactivate? How do mitotic cy-
clins promote checkpoint reversal? We believe answers to these
questions will help us fully understand the timing mechanism of
the cell division cycle.

Materials and methods

Fly stocks

Strains of Drosophila were maintained on standard cornmeal-yeast
medium. The following stocks were used for live-embryo imaging: (a)
w; ; H2AvD-GFP/TMé, Tb, (b) w; ; H2AvD-RFP/TM6, Tb, (c) w; UASp-
YFP-PCNA/CyO; Gal4-VP16/MKRS, and (d) w, TACC-GFP; ; H2AvD-
RFP/TMé, Tb (Clarkson and Saint, 1999; McCleland and O’Farrell,
2008; McCleland et al., 2009a,b). Stock w; grp?©*4, H2AvD-GFP was
used in the DN replication checkpoint-deficient experiments (McCleland
et al., 2009q).

Microinjection and live-embryo imaging

Cyclin dsRNA was made with T7 RNA polymerase, as detailed in McCle-
land and O’Farrell (2008). GST- or Histagged recombinant proteins used
in the experiments were made previously (Royou et al., 2008; McCleland
et al., 2009a; Shermoen et al., 2010). Briefly, they were produced in
BL-21 DE3 plysS bacteria (Agilent Technologies) and purified on gluta-
thione-Sepharose (GE Healthcare) or nickel agarose beads (QIAGEN)
according to the manufacturer’s instructions.

Embryos were collected and treated as previously described (Farrell
et al., 2012). Briefly, embryos were collected on grape-agar plates for
30 min and then aged for 25 min at 25°C. They were then dechorionated
for 2 min in 50% bleach, aligned, and taped onto a coverslip, desiccated
for 8-9 min, and covered in halocarbon oil (Sigma-Aldrich) for injection.

For the dsRNA injections, embryos were aged to cycle 9 before in-
jection to get a robust and consistent knockdown efficiency. Cyclin dsRNAs
were dissolved in a buffer containing 0.25 mM potassium phosphate,

pH 7.4, and 2.5 mM KCl and injected at the concentration of 0.5 mg/ml.
For GST-CycB injections, rhodamine-labeled recombinant protein (a gift
from W. Sullivan, University of California, Santa Cruz, Santa Cruz, CA) was
injected in early interphase 13 at the concentration of 31 pM. For Geminin
protfein injections, purified Histagged Geminin (made by M. McCleland,
Genentech, South San Francisco, CA) was dialyzed into 40 mM Hepes,
pH 7.4, and 150 mM KCl and injected at 10 mg/ml in interphase 12 to
delete the S phase in inferphase 13. To visualize S phase, recombinant
PCNA-GFP protein (made by M. McCleland) was injected at the concentra-
tion of 2 mg/ml. Hydroxyurea was used at 200 mM.

For live-embryo experiments, embryos were covered with halo-
carbon oil and imaged with a spinning-disk confocal system (CSU10;
Yokogawa Corporation of America) equipped with a high-resolution
digital charge-coupled device camera (ORCA-ER; Hamamatsu Photonics),
on an inverfed microscope (DM IRB; Leica) with 100x Plan Fluotar 1.3 NA
and 40x Plan Fluotar 0.7 NA objectives at room temperature. Most image
stacks were collected at 1 pm over a 5-pm range using a controlled stage
(MS-2000; Applied Scientific Instrumentation) at a time interval of 30 s. All
images were captured and processed in Volocity 6 (PerkinElmer). Statistics
were performed in Prism (GraphPad Software).

dUTP incorporation

Embryos expressing YFP-PCNA were first injected with cyclin dsRNA
around cycle 9 and aged into interphase 13. Then, on-scope injection
of 50 pM Alexa Fluor 546~dUTP (obtained from Invitrogen) was per-
formed before or after disappearance of PCNA foci, which indicated
S phase and the gap phase, respectively. After 3 min of incorporation,
embryos were fixed in 37% formaldehyde (Thermo Fisher Scientific) for
10 min, hand devitellinized, and stained with GFP antibody (Invitrogen)
and DAPI (Invitrogen).

Single-embryo Western blot

Wild-type or grp mutant embryos were injected with cyclin dsRNAs and
then followed by live-embryo imaging. Embryos were then gently detached
from the coverglass with an art brush at the indicated time in interphase
13, fixed in 1:1 methanol/heptane mixture on ice, vortexed with glass
beads in 2x SDS sample buffer, and then boiled for 8 min. Rabbit anti-CycA
antibody (made by C. Lehner [University of Zurich, Zurich, Switzerland] as
detailed in Lehner and O’Farrell, 1989) was used at 1:1,000. Mouse anti-
CycB antibody (F2F4; Developmental Studies Hybridoma Bank) was used
at 1:5. Mouse anti-PSTAIRE (Sigma-Aldrich) was used at 1:4,000.

Online supplemental material

Fig. S1 evaluates the amount of injected GST-CycB relative to the level
of endogenous CycB. Fig. S2 illustrates suppression of grp mutant phe-
notypes by cyclin knockdowns. Fig. S3 shows comparable cyclin accu-
mulation in wildtype and grp mutant embryos. Table S1 lists additional
information for Fig. 4 A. Video 1 shows that injection of GST-CycB does
not accelerate mitotic entry in CycA+B3 RNAi-treated embryos. Videos 2
and 3 are time-lapse videos of interphase 13 after GST-CycB injec-
tion in different cyclin RNAi-treated embryos targeting CycB and CycB3
and CycA and CycB, respectively. Videos 4-7 show timelapse videos
of embryos in Fig. 3 (A-D) progressing through interphase 13. Video 8
shows gastrulation of a grp~™ mutant embryo after CycB+B3 knock-
down. Online supplemental material is available at http://www.jcb

.org/cgi/content/full/jcb.201205007/DCT1.
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