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The first differentiation event in 
mammalian development gives rise 

to the blastocyst, consisting of two cell 
lineages that have also segregated in how 
the cell cycle is structured. Pluripotent 
cells of the inner cell mass divide mitoti-
cally to retain a diploid DNA content, but 
the outer trophoblast cells can amplify 
their genomes more than 500-fold by 
undergoing multiple rounds of DNA 
replication, completely bypassing mito-
sis. Central to this striking divergence 
in cell cycle control is the E3 ubiquitin-
ligase activity of the anaphase-promot-
ing complex or cyclosome (APC/C). 
Extended suppression of APC/C activity 
during interphase of mouse pluripotent 
cells promotes rapid cell cycle progres-
sion by allowing stabilization of cyclins, 
whereas unopposed APC/C activity dur-
ing S  phase of mouse trophoblast cells 
triggers proteasomal-mediated degrada-
tion of geminin and giant cell formation. 
While differential APC/C activity might 
govern the atypical cell cycles observed 
in pre-implantation mouse embryos, 
geminin is a critical APC/C substrate 
that: (1) escapes degradation in plu-
ripotent cells to maintain expression of 
Oct4, Sox2 and Nanog and (2) medi-
ates specification and endoreduplication 
when targeted for ectopic destruction 
in trophoblast. Thus, in contrast to tro-
phoblast giant cells that lack geminin, 
geminin is preserved in both mouse plu-
ripotent cells and non-endoreduplicating 
human cytotrophoblast cells.
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Introduction

Cell cycle progression in somatic cells 
is driven by mirrored oscillations in 
the activity of cyclin-dependent kinases 
(Cdks) and the anaphase-promoting 
complex or cyclosome (APC/C). These 
enzymatic protein complexes coordi-
nate DNA replication with cell division 
as sequential steps, with periodic states 
of low and high Cdk activity comple-
mented by converse activities of the 
APC/C. Cdks are protein kinases acti-
vated by the cyclical binding of cyclins,1 
whereas the APC/C is a multisubunit 
cullin-RING finger E3 ubiquitin ligase 
that associates with specific co-activators 
to polyubiquitinate key cell cycle pro-
teins.2 Polyubiquitination of APC/C 
substrates, such as cyclins, geminin, Cdk 
inhibitors and securin, targets them for 
26S-proteasomal degradation during 
mitosis and G

1
 phase, when Cdk activ-

ity is low. Two co-activator proteins 
of the APC/C are Cdc20 and Cdh1. 
APC/ CCdc20 is active from prophase 
to the metaphase-anaphase transition, 
when APC/CCdh1 activity increases and 
then persists throughout G

1
 until the 

initiation of S phase. During DNA repli-
cation and G

2
 phase, when Cdk activity 

is high, Early mitotic inhibitor 1 (Emi1) 
prevents APC/CCdh1 from targeting its 
substrates for destruction until prophase, 
when APC/CCdc20 activity is restored.3-6 
Hence, alternating activation and inacti-
vation of cyclin-Cdk complexes and the 
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activity promotes pre-replication complex 
assembly by targeting key inhibitory pro-
teins for degradation in late mitosis and 
G

1
 phase, such as geminin and cyclin A2. 

Conversely, cyclin A2-Cdk2 provides the 
main S phase-promoting Cdk activity dur-
ing periods of low APC/C activity, while 
geminin cooperates with Cdk activity to 
prevent recurrent pre-replication com-
plex assembly on chromatin. Emi1 plays 
a crucial role in coupling DNA replica-
tion to mitosis in somatic cells by inhibit-
ing APC/CCdh1 and stabilizing cyclin A2, 
cyclin B1 and geminin.3,4,22

As illustrated schematically in 
Figure 1D, we9 and others8,10 have shown 
that levels of APC/CCdh1 substrates remain 
elevated throughout the cell cycle in 
mouse ES cells, leading us to conclude 
that APC/C activity is inhibited dur-
ing pluripotent cell cycles,9 possibly due 
to interphase suppression by Emi1. The 
extremely high levels of cyclins in pluripo-
tent cells is unprecedented, far exceeding 
the cyclin levels normally present in pro-
liferating somatic cells.8-10 In mouse ES 
cells released from chemically induced 
blocks, Cdk2 activity appears to be cell 
cycle-independent but responsible for the 
accelerated rate of cell cycle progression in 
pluripotent cells, where cyclins E and A 
are highly abundant.8,10 Given that Cdk1 
is the only essential Cdk in mammalian 
cells,23 conserved oscillations of cyclin B1 
levels and inhibitory phosphorylations 
of Cdk1 on tyrosine (Y) 15 would fully 
explain how pluripotent cells undergo cell 
division.10 In our experience, however, it is 
not possible to release ES cells from chem-
ically induced cell cycle blocks, and thus, 
although post-translational modifications 
of Cdks are likely to be fundamental for 
ordered progression through pluripotent 
cell cycles, any results obtained from such 
experiments should be interpreted with 
caution. Hence, the precise mechanisms 
of cell cycle control in mammalian plu-
ripotent cells still need to be evaluated in 
detail. Interestingly, the ectopic presence 
of geminin during the rapid cell cycles of 
early Xenopus embryos is fully compatible 
with structured cell cycle progression.24 
Dynamic interactions between geminin 
and Cdt1, rather than proteolysis, dictate 
its functionality in amphibian embryonic 
cells.

the pre-implantation mouse embryo. In 
this article, we integrate these findings and 
propose a model for cell cycle control in 
mouse embryonic cells. We further report 
that in both mouse embryonal carcinoma 
(EC) and ES cells, depletion of Emi1 or 
the APC/CCdh1 substrate geminin not 
only induces trophoblast differentiation 
and giant cell formation, but that despite 
extensive DNA damage, there is failure to 
trigger apoptotic cell death, suggestive of 
an attenuated DNA damage response in 
these differentiated cells. We also review 
the important species-specific differences 
between mouse and human trophoblast 
cells that add a further layer of complex-
ity to the study of cell cycle regulation in 
mammalian embryonic cells.

Results

A model for APC/C activity in mouse 
embryonic cells. Emi1 inhibits APC/
CCdh1 activity in both somatic cells3,4 and 
pluripotent cells.9 Hence, depletion of 
Emi1 in P19 EC cells results in unopposed 
APC/CCdh1 activity and degradation of the 
APC/CCdh1 substrates geminin, cyclin A2 
and cyclin B1 (Fig. 1A). Figure 1A fur-
ther illustrates the dramatic stabilization 
of these APC/CCdh1 substrates by immu-
noflurorescence following treatment of 
Emi1-depleted pluripotent cells with the 
proteasome inhibitor, MG132. Geminin 
and cyclin A2-Cdk2 (and Cdk1) are 
essential proteins that prevent illegitimate 
assembly of pre-replication complexes on 
chromatin when APC/C activity is low in 
somatic cells during S phase and G

2
,12,16-

19 whereas cyclin B1-Cdk1 initiates mito-
sis and is required for its progression.20 
Interestingly, cyclin E, which is not an 
APC/C substrate in somatic cells and is 
targeted for proteasomal degradation by 
the SCFSkp2 ubiquitin ligase,21 is upregu-
lated in enlarged nuclei of pluripotent cells 
depleted of Emi1 (Fig. 1B).

That APC/C substrates are present 
during interphase of pluripotent cell cycles 
and Emi1 depletion results in giant cell 
formation (Fig. 1C) leads us to propose 
a model that focuses on APC/C activity 
to distinguish between somatic cell cycles, 
pluripotent cell cycles and endoreduplica-
tion in mouse trophoblast cells (Fig. 1D). 
During a somatic cell cycle, high APC/C 

APC/C are crucial for ordered progres-
sion through the somatic cell cycle.

Mammalian embryonic cells, however, 
are not subject to the same cell cycle con-
trols that have been studied more exten-
sively in somatic cells. This is exemplified 
by the earliest recognized cell types that 
emerge during embryogenesis, namely 
pluripotent cells and trophoblast cells, 
both of which can be observed at the blas-
tocyst stage of pre-implantation mouse 
development on approximately embryonic 
day 3.5. Pluripotent cells of the inner cell 
mass give rise to the embryo proper, and 
embryonic stem (ES) cells derived from 
this niche transit rapidly through the cell 
cycle due to a shortened G

1
 phase. Mouse 

ES cells maintain high levels of cyclins 
during interphase,7-9 which presumably 
mediate the accelerated cell cycle pro-
gression. However, although suppression 
of APC/C activity might account for 
the elevated cyclin levels in pluripotent 
cells,9 how cell cycle progression is pos-
sible without the canonical oscillations 
observed in somatic cells is difficult to 
reconcile, although temporal activity 
of cyclin B1-Cdk1 might remain con-
served.10 Similarly, the alternative controls 
that allow endoreduplication in mouse 
trophoblast cells remain poorly under-
stood. Uncoupling DNA replication from 
mitosis in endoreduplicating trophoblast 
cells requires a reduction in mitotic Cdk 
activity,11 but this alone cannot account 
for progress through endocycle-specific 
events, such as the repeated recruitment 
of DNA replication proteins to chromatin.

We have previously shown that the 
APC/CCdh1 substrates geminin and 
cyclin A2 are actively degraded in endo-
reduplicating mouse trophoblast giant 
cells,12 while genetic ablation of geminin 
in the mouse results in pre-implantation 
embryonic lethality due to loss of pluri-
potency and premature endoreduplication 
at the eight-cell stage.12,13 We have also 
recently described a molecular pathway 
that focuses on geminin as a critical cell 
cycle protein that is required for sustained 
expression of core pluripotency factors 
in mouse embryonic stem (ES) cells.9 
Collectively, these findings suggest that 
the APC/C itself is an important regulator 
of the atypical cell cycles observed in both 
pluripotent cells and trophoblast cells of 
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APC/C target but is instead ubiquitinated 
by the SCFSkp2 ubiquitin ligase,21 activa-
tion of the APC/C would render cyclin E 
as the surviving S phase-promoting Cdk 
partner in endoreduplicating trophoblast 
cells. Hence, oscillations in cyclin E alone 
would sustain endocycles in mouse tro-
phoblast giant cells. The proposed model 
explains why loss of APC/CCdh1 in the 

enter mitosis due to absence of mitotic Cdk 
partners, since cyclin B1 and cyclin A2 
are both degraded.12 Translational inhibi-
tion of cyclin B1 has also been observed 
in mouse trophoblast giant cells.11 In 
particular, high APC/C activity removes 
an important block to pre-replication 
complex assembly by targeting geminin 
for degradation. Since cyclin E is not an 

We further postulate that in con-
trast to pluripotent cell cycles in which 
the APC/C is suppressed, APC/C activ-
ity is high in endoreduplicating mouse 
trophoblast cells, possibly mediated by 
downregulation of Emi1, which simpli-
fies the trophoblast cell cycle to alter-
nate S and “gap-like” phases (Fig. 1D). 
Endoreduplicating trophoblast cells fail to 

Figure 1. Emi1 depletion in pluripotent cells results in destabilization of APC/CCdh1 substrates and gross nuclear enlargement. (A) Emi1 depletion 
in P19 EC cells results in downregulation of geminin, cyclin A2 and cyclin B1 (green) at 48 h, with stabilization of each of these substrates following 
treatment with the proteasome inhibitor, MG132. Total DNA, red. Scale bar = 20 μm. (B) Cyclin E (green), which is not a target of the APC/C, is upregu-
lated by immunofluorescence in enlarged nuclei following depletion of Emi1 in pluripotent cells. Total DNA, red. Scale bar = 20 μm. (C) Giant nuclei 
are evident at six days in B6/Blu-1 mouse embryonic stem cells depleted of Emi1. Total DNA, red. Scale bar = 20 μm. (D) Model of how APC/C activity 
distinguishes somatic, pluripotent and endoreduplicating cell cycles. Alternating oscillations in Cdk activity and APC/C activity (blue) drive the mitotic 
cell cycle. APC/C targets cyclin A2 (red), geminin (also red) and cyclin B1 (yellow) but not cyclin E (green) for degradation during mitosis and G1 phase. 
Emi1 (purple) inhibits APC/C activity during S phase, G2 and early mitosis. In pluripotent cell cycles, however, Emi1 suppresses APC/C activity for an 
extended duration, resulting in high levels of cyclins that drive rapid cell cycle progression. Periodicity in Cdk1 activity is likely to be conserved.10 In 
contrast, high APC/C activity (due to low levels of Emi1) targets geminin, cyclin A2 and cyclin B1 for degradation during endoreduplication. Cyclin E 
remains as the only S phase-promoting Cdk partner in endoreduplicating cells. This model would explain why cyclin E is essential for endoreduplica-
tion in mouse trophoblast giant cells.14,15
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Figure 2. Acquisition of a high DNA content in pluripotent cells depleted of Emi1. Control and Emi1-depleted cells were pulsed for 30 min with 5-ethy-
nyl-2'-deoxyuridine (EdU, green) followed by a second 30 min pulse with iodouridine (IdU, red) after a three hour gap (merge, yellow). Total DNA, blue. 
Scale bar = 20 μm. The bar chart shows the proportion of enlarged Emi1-depleted cells labeled with EdU or IdU. At least 1,000 cells were scored for 
each time point. Bars represent 5% standard error.

Figure 3. Geminin and Emi1 depletion in pluripotent cells results in induction of DNA damage proteins. Geminin and Emi1 depletion in P19 EC cells in-
duces upregulation of γ-H2AX, Rad51 and replication protein A (RPA) foci (green) relative to unirradiated controls at 48 h post-transfection. Irradiated 
positive controls were treated with 2 Gy. Total DNA, red. Scale bar = 20 μm.
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of apoptosis to genotoxic stress is char-
acteristic of endoreduplicating cells in 
Drosophila melanogaster.31 DNA over-rep-
lication in ovarian follicle, salivary gland 
and fat body cells of Drosophila induces 
γ-H2AV repair foci in response to DNA 
damage (particularly at fragile heterochro-
matic sites), but these cells remain viable, 
with cleavage of caspase  3 or induction 
of other pro-apoptotic mediators not 
observed, possibly due to epigenetic silenc-
ing at their promoters.

Geminin in normal and malignant 
human trophoblast cells. Although the 
consequences of geminin depletion in 
mouse pluripotent cells have now been 
described in reference 9, the effects of 
depleting geminin in human ES cells 
remain to be elucidated. Here, it is 
important to acknowledge the species-
specific differences in cell cycle regulation 
between mouse and human embryonic 
cells. Unlike mouse trophoblast cells that 
can endoreduplicate, human trophoblast 
cells invariably divide mitotically to retain 
a diploid DNA content of 2C, with only 
0.3% of extravillous cytotrophoblast cells 
in normal placenta acquiring a DNA con-
tent of 16C by unknown means.32 Indeed, 
when we examined human tissue sections 
of normal placenta, the premalignant 
conditions of complete and partial hyda-
tidiform mole and the malignant diseases 
of choriocarcinoma and placental site 
trophoblastic tumor (Fig. 5), the APC/C 
substrate geminin was not downregulated 
by immunohistochemistry in normal or 
diseased trophoblast cells. Since cyclin 
A2 and cyclin B1 are also abundant in 
human trophoblast cells,33 these observa-
tions indicate that APC/C substrates are 
regulated differently during the cell cycles 
of mouse and human trophoblast cells, 
with human trophoblast cells undergoing 
the canonical cell cycles characteristic of 
somatic cells. Given its strength as a prog-
nostic biomarker,34 the clinico-patholog-
ical value of geminin and other APC/C 
substrates requires further evaluation for 
the management of women with tropho-
blastic diseases, using a larger series of 
cases and long-term follow-up data.

It is also important to note that dif-
ferent phenotypes arise when Oct4 is 
depleted in mouse and human ES cells. 
Depletion of Oct4 in mouse ES cells 

γ-H2AX, Rad51 (to a lesser extent) and 
RPA foci relative to unirradiated controls 
at 48 h post-transfection (Fig. 3). Figure 3 
further illustrates that the upregulation 
of each marker is not simply a conse-
quence of the gross nuclear enlargement 
acquired, but that more foci indicative 
of DNA strand breaks develop in both 
geminin and Emi1-depleted pluripotent 
cells. Preliminary results also suggest that 
despite the extensive DNA damage that 
probably arises from replication fork col-
lisions, the ATR/ATM-dependent check-
point that is normally activated in somatic 
cells4,18,19 is not induced in pluripotent 
cells, with failure to induce the inhibi-
tory phosphorylation of Cdk1 on Y15 and 
failure to phosphorylate p53 on serine 15 
(data not shown).

We further asked whether DNA dam-
age induced by geminin and Emi1 deple-
tion in pluripotent cells would trigger cell 
death by apoptosis, as previously reported 
in some somatic cells18,19,27 (but possibly 
not all primary cell types28), particularly 
when the G

2
/M checkpoint is abrogated. 

However, no increase in apoptotic mark-
ers was observed above background levels 
for control cells, at neither two days nor 
six days post-transfection for cleaved cas-
pase 3 (Fig. 4), cleaved poly-ADP ribose 
polymerase (PARP, Fig. 4) or Annexin V 
labeling (data not shown). Hence, in con-
trast to somatic cells,9 geminin or Emi1-
depleted pluripotent cells would appear to 
be tolerant of the extensive DNA damage 
induced by genomic over-replication, a 
property that might explain the extreme 
nuclear enlargement that can be observed 
as they differentiate to trophoblast cells 
(Fig. 1C). This observation needs to be 
further tested in vivo in mouse trophoblast 
giant cells that potentially acquire signifi-
cant DNA damage during endoreduplica-
tion to achieve the extremely high DNA 
contents of > 1,000C.29 Interestingly, rat 
trophoblast giant cells are resistant to 
DNA damage-inducing agents, whereas 
proliferating trophoblast stem cells remain 
sensitive to this genotoxic stress and rap-
idly undergo apoptosis.30 Differentiation 
of rat trophoblast stem cells to trophoblast 
giant cells requires downregulation of 
p53 and Rb at the protein level,30 which 
explains the acquired ability to evade pro-
grammed cell death. A similar suppression 

mouse leads to impaired placental devel-
opment25,26 and why cyclin E1/E2 double-
knockout mice show a specific defect in 
trophoblast endoreduplication.14,15

We also performed pulse-chase experi-
ments to determine whether or not S phases 
are continuous in Emi1-depleted cells 
using a 30 min pulse with 5-ethynyl-2'-de-
oxyuridine (EdU), followed by a second 
30 min pulse with iodouridine (IdU) after 
a three hour gap. Interestingly, Figure  2 
shows that a significant proportion of P19 
EC cells depleted of Emi1 incorporate the 
second pulse only, suggesting that DNA 
replication is discontinuous in these cells 
and might be interspersed with “gap-like” 
phases. Although the evidence for this is 
light at present, these experiments sup-
port the notion that reduction of geminin 
levels not only represses the expression of 
core pluripotency factors, but that gemi-
nin depletion might also be the trigger 
for inducing endocycles during Brg-1-
dependent trophectoderm differentiation 
of mouse pluripotent cells.9

DNA damage response in pluripo-
tent cells depleted of geminin and Emi1. 
Geminin depletion in somatic cells induces 
genomic over-replication due to aberrant 
pre-replication complex assembly;18,19 a 
similar phenotype is also observed when 
geminin is degraded by Emi1 depletion, 
resulting in unopposed APC/C activity.3,4 
DNA over-replication from repeated fir-
ing of replication origins within the same 
replicon causes both single- and double-
strand DNA breaks in somatic cells, with 
induction of the DNA damage response 
and apoptosis occurring at 3–8 d.4,18,19 
In contrast to somatic cells, however, 
pluripotent cells depleted of geminin or 
Emi1 do not apoptose despite sustaining 
extensive DNA damage (Figs.  3 and 4). 
To first determine whether DNA damage-
induced nuclear foci accumulate, we ana-
lyzed geminin and Emi1-depleted cells 
for increased foci of γ-H2AX, Rad51 and 
replication protein A (RPA). γ-H2AX 
refers to H2AX phosphorylated on ser-
ine 139, an early mark of double-strand 
DNA breaks, whereas Rad51 is required 
for homologous recombination, and RPA 
binds to single strands of DNA that arise 
because of genomic damage. Depletion 
of geminin or Emi1 in mouse pluripotent 
cells results in significant upregulation of 
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Figure 4. Emi1 depletion in pluripotent cells does not induce apoptotic markers. Geminin and Emi1 depletion in P19 EC cells does not elevate levels 
of cleaved caspase 3 or cleaved poly-ADP ribose polymerase (PARP) (green) relative to unirradiated controls at 48 h post-transfection. Total DNA, red. 
Scale bar = 20 μm.
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of trophectoderm markers by targeting 
geminin for degradation. These observa-
tions shed light into how endoreduplica-
tion is regulated in mouse trophoblast 
cells, suggesting that high APC/C activ-
ity targets specific proteins for destruction 
to prevent mitosis and promote S-phase 
re-entry, allowing oscillations in cyclin E 
to sustain progress through endocycles. 
The similarity between the consequences 
of Emi1 or geminin depletion and loss of 
Oct4 in pluripotent cells is also striking.9 
Disrupting the expression of specific cell 
cycle regulators might not only be required 
for the switch from mitotic to endoredu-
plicative cycles but is also associated with 
concomitant loss of pluripotency. By sus-
taining expression of the core pluripotency 
factors Oct4, Sox2 and Nanog, geminin 
represents an important link between the 
embryonic cell cycle and pluripotency. 
In early mammalian embryogenesis, its 
known role in inhibiting aberrant pre-
replication complex assembly during the 
cell cycle further ensures the transmission 
of uncommitted progenitors with stably 
diploid genomes.

But if APC/C activity is suppressed 
during interphase of pluripotent cells, 
how is cell cycle progression possible in 
pluripotent cells when oscillations in the 
important APC/C substrates are lost? As 

in Xenopus egg extracts might possibly 
account for the efficient nuclear repro-
gramming observed in the generation of 
“M-phase egg extract-induced pluripo-
tent stem (M-iPS) cells.”40,41 This further 
emphasizes the potential role of geminin 
for inducing pluripotency in mammalian 
somatic cells.

Discussion

In contrast to the relatively well-charac-
terized somatic cell cycle, the cell cycle 
of embryonic cells remains poorly under-
stood and warrants urgent attention given 
the major barrier that it is likely to pose for 
efficient formation of induced pluripotent 
stem cells. Using mouse EC and ES cells, 
we have been able to resolve important 
questions in cell cycle control that would 
have been otherwise difficult to address 
using pre-implantation mouse embryos, 
where downregulation of geminin and 
cyclin A2 in endoreduplicating tropho-
blast giant cells was initially reported in 
reference 12. In our recent experiments,9 
further described here, both mouse EC 
and ES cells behave like developing mouse 
embryos in which geminin has been genet-
ically ablated. Silencing the expression of 
Emi1 in mouse pluripotent cells induces 
giant cell differentiation and upregulation 

induces trophectoderm differentiation,7 
in contrast to human ES cells, where loss 
of Oct4 induces differentiation toward 
mesoderm and endoderm.35 Analogously, 
geminin-deficient mouse embryos, EC 
and ES cells result in trophoblast cell 
differentiation. Formation of a blasto-
coelic cavity in mouse embryos that lack 
geminin can only result from the func-
tional Na+/K+ pumps of trophoblast cells, 
which pump fluid toward the center of 
the hitherto embryonic mass known as 
the morula. Moreover, if depletion of 
geminin in human ES cells also mimics 
the phenotype observed following loss of 
Oct4 in inducing mesoderm or endoderm 
differentiation, this would reinforce the 
role of geminin as an integral compo-
nent of a pluripotency network. Geminin 
might therefore induce pluripotency when 
overexpressed in somatic cells, either 
alone or in combination with established 
transcription factors that are known to 
induce pluripotency. In a small study, 
geminin was found to be a factor pres-
ent in oocytes that promotes chromatin 
remodelling.36 Geminin directly interacts 
with the chromatin remodeler Brg1,37 an 
association that has clear implications for 
terminal differentiation.9,38 By maintain-
ing chromatin in an accessible hyperacet-
ylated state,39 the abundance of geminin 

Figure 5. Geminin is present at high levels in normal and malignant human trophoblast cells. In trophoblast cells of normal human placenta, geminin 
(red) is present in proliferating cells that co-label with cell cycle markers Mcm2 (green) and Ki67 (not shown). Geminin is only present in a subset of 
cytotrophoblast cells immunolabelled with Mcm2, accounting for the expected proportion of actively cycling cells in S phase, G2 and early mitosis. 
Geminin is also present at high levels in both the nucleus and cytoplasm of malignant trophoblast cells of choriocarcinomas with enlarged nuclei. 
Total DNA, blue. Scale bar = 20 μm.
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Experimental Procedures

Cell lines. P19 EC cells (ATCC) were 
grown in Alpha Minimum Essential 
Medium (α-MEM, Sigma-Aldrich) 
supplemented with 7.5% donor bovine 
serum, 2.5% fetal bovine serum (FBS), 2 
mM L-glutamine, 100 units/ml penicil-
lin and 0.1 mg/ml streptomycin (all from 
Gibco). B6/Blu-1 ES cells were main-
tained in KnockOut DMEM (Gibco), 
supplemented with 15% FBS, 10 pM 
β-mercaptoethanol (Sigma-Aldrich), 
1,000 U/ml leukemia inhibitory fac-
tor (LIF; Millipore), 2 mM L-glutamine 
(Amresco), 0.012 g/ml penicillin and 
0.02 g/ml streptomycin and were cultured 
feeder-free on 0.1% gelatin-coated flasks.

RNA interference. siRNA duplexes 
were synthesized by Qiagen and designed 
to target the following sequences:

Emi1: TAC AAA GAT TGT GAT 
AGA TCA, ACC GTG GAC GGT TGT 
AAA GAA, CAG CGG CAT GGA CTT 
AGT AAA and GTG GGA CAT GAT 
AAC AAG GAA.

Geminin: CAG GAA TTT GAT TCT 
GAA GAA, CAG GAA GCC TTT GAT 
CTT ATA, CCG CCT GAG AAA GGA 
GAA TAA and ATC GAG AGG CTG 
AGT AAT GAA.

Control siRNAs were designed by 
substitution of two base pairs for each 
sequence. Sequences did not correspond to 
any known cDNAs on the Ensembl data-
base. P19 EC cells were transfected using 
Oligofectamine (Invitrogen), whereas 
B6/Blu-1 ES cells were transfected using 
Lipofectamine RNAiMax (Invitrogen).

Antibodies, immunoblotting, immu-
nofluorescence and immunohisto-
chemistry. Antibodies used include 
rabbit anti-cyclin A2 (a kind gift from 
Dr. Mark Carrington, Department of 
Biochemistry), mouse anti-cyclin B1 
(GNS1, Santa Cruz Biotechnology), 
rabbit anti-cyclin E (M-20, Santa Cruz 
Biotechnology), mouse anti-Mcm-2 
(generated in our laboratory), rabbit 
anti-phospho-histone H2AX (Ser139, 
#2577, Cell Signaling) and rabbit anti-
cleaved caspase  3 (Asp175, #9661, Cell 
Signaling). Rabbit polyclonal antibodies 
against geminin were generated in our 
laboratory, as previously described in ref-
erence 9.

cells is not sufficient to induce a “default” 
trophectoderm fate.

A recent proposal2 suggests that as for 
Drosophila salivary glands, cyclin E-Cdk-
dependent phosphorylation of Cdh1 
imposes oscillations in APC/C activity to 
generate cycles of geminin stability and 
destruction44 that would be more physi-
ologically compatible for pre-replication 
complex assembly during trophoblast 
endocycles. Our results presented here, 
however, also suggest that endoredu-
plication in trophoblast cells would be 
permissive to an element of genomic 
over-replication and DNA damage that 
appears to be tolerated in this special-
ized cell type, as might occur to a lesser 
extent in endoreduplicating cell types of 
Drosophila that better exemplify poly-
ploidization.31,44 Both processes might 
not be mutually exclusive and could 
occur as a part of normal extra-embryonic 
development in trophoblast, rather than 
being an experimentally induced artifact 
caused by either geminin or Emi1 deple-
tion. This interpretation is supported by 
the observation that geminin is notably 
absent or downregulated during S phase 
of trophoblast giant cells in mouse blas-
tocysts.12 Although it is difficult to dis-
tinguish genomic over-replication from 
endoreduplication in mouse embryos, 
ultra-structural karyotypic analysis would 
ultimately determine whether trophoblast 
endoreduplication differs substantially 
from the specialized endocycles described 
in other systems.

In conclusion, transcriptional regula-
tion is crucial for maintaining pluripo-
tency and determining cell fate during 
early mammalian development, but pre-
cise control of the unique cell cycles of 
embryonic cells is also likely to play a 
key role in both preserving the identity of 
pluripotent cells and in lineage commit-
ment. Since these cellular processes must 
be tightly linked, strategies in regenerative 
medicine that involve transdifferentiation 
and nuclear reprogramming will benefit 
from an improved understanding of the 
distinct cell cycles of mammalian embry-
onic cells, in which critical cell cycle regu-
lators such as Emi1 and geminin might 
be important for specifying stem cell 
identity.

with the elevated levels of cyclins E1 and 
A2, if geminin remains present during 
G

1
 of pluripotent cells, when do pre-rep-

lication complexes assemble on chroma-
tin in pluripotent cells to allow S-phase 
entry and the firing of replication origins? 
A recent report using Xenopus embry-
onic cells24 suggests a possible solution: 
that geminin and cyclins undergo post-
translational modifications that inactivate 
them during pluripotent cell cycles with-
out the need for proteolysis. This was first 
observed (also by the same authors) in 
Xenopus egg extracts for geminin, where 
geminin is polyubiquitinated during exit 
from mitosis to prevent its binding to 
Cdt1, thereby inactivating it effectively.42 
Although another recent publication sug-
gests that APC/C substrates do fluctuate 
during the ES cell cycle, but to a lesser 
extent than observed in somatic cells,43 all 
experiments were based on synchronized 
ES cells, which, in our experience, fail to 
exit a cell cycle block and will apoptose or 
differentiate instead (unpublished obser-
vations). We therefore believe that con-
served post-translational modifications 
analogous to those observed in amphibian 
embryonic cells are more likely to regulate 
the activity of geminin and other APC/C 
substrates during mitosis and G

1
 phase of 

the ES cell cycle.
Our findings9 and those presented here 

also allow an alternative interpretation of 
the studies on Cdh1-deficient mice.25,26 
Consistent with our results, both stud-
ies have shown that genetic ablation of 
APC/CCdh1 in the mouse results in post-
implantation embryonic lethality due to 
defective endoreduplication in trophoblast 
cells and impaired placental development. 
In both of these studies, the authors sug-
gest that this is a consequence of failure to 
destroy cyclins, which, like geminin, are 
substrates of the APC/C. However, our 
results suggest instead that geminin is the 
APC/C target affected in Cdh1-deficient 
mice, rather than cyclins as both studies 
propose. Depletion of cyclins A2 and B1 
in pluripotent cells does not induce either 
giant cell differentiation or upregulation 
of trophectoderm markers.9 Since genetic 
ablation of cyclin E in mouse ES cells 
does not impair their pluripotency,14,15 this 
leads us to conclude that disrupting the 
expression of cyclins in mouse pluripotent 
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