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Endoreplication Cell Cycles: Review
More for Less

neatly aligned in parallel arrays (see Urata et al., 1995),
but polytene chromosomes greater than 16,000C have
been noted in another insect, Chironomus. The distinc-
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tion between polyteny and polyploidy is not absolute,1100 Fairview Avenue North
and various intermediate DNA configurations can occur,Seattle, Washington 98109
differing primarily in the degree of association between2 Whitehead Institute and
duplicated chromatids (Figure 2D, Hammond and Laird,Department of Biology
1985). For this reason the term polyploid is often usedMassachusetts Institute of Technology
to refer to endoreplicated cells with virtually any chro-Cambridge, Massachusetts 02142
mosomal configuration.

In endoreplication cell cycles, or endocycles, S
Molecular studies from the past decade have revealed phases alternate with distinct gap phases that lack DNA
striking conservation in the mechanisms of eukaryotic replication, but there is no cell division (Figure 3). Few,
cell cycle control. Yet before the advent of molecular if any, cases of polypoidy resulting from continuous DNA
genetics, it was clear that eukaryotes possessed many replication have been reported. Some endocycling cell
different cell cycle variations, and thus that there must types retain hallmarks of mitosis, but many examples
be diversity in mechanisms of control. One common cell lack all vestiges of mitosis, including chromosome con-
cycle variant is the endoreplication cycle, in which cells densation, nuclear envelope breakdown, and the reor-
increase their genomic DNA content without dividing. ganization of microtubules that builds the spindle. The
Although endocycles are sometimes dismissed as an term endomitosis initially referred to a rare cell cycle in
evolutionary peculiarity, they are widespread in protists, which mitosis occurred without nuclear envelope break-
plants, and many animals including arthropods, mol- down or cytokinesis (for review see Nagl, 1978). How-
lusks, and mammals. Endocycling cells can become ever, now this term is more generally used to describe
incredibly polyploid, with chromatin values (C values cycles that proceed through anaphase but lack nuclear
denote DNA content as a multiple of the normal haploid division and cytokinesis. In yet another cell cycle variant,

nuclear division occurs without cytokinesis, giving risegenome) as high as 24,000 reported in some plant endo-
to multinucleate cells. Such cycles are seen in mamma-sperms (Traas et al., 1998). Because cell size for a given
lian hepatocytes and osteoclasts, and also in syncytialcell type is generally proportional to the amount of nu-
slime molds like Physarum and early insect embryos.clear DNA, endoreplication constitutes an effective
The regulation of these cycles is thought to be similarstrategy of cell growth, and it is often found in differenti-
to that found in normal mitotic cells, and is not coveredated cells that are large or highly metabolically active
here.(see Figure 1 for a classic example). Recent studies

show that endocycles utilize much of the same G1/S
Regulatory Mechanismsregulatory machinery as mitotic cycles, with some infor-
In proliferating cells, phosphorylation events triggeredmative, and some perplexing, alterations. Here we re-
by cyclin-dependent kinases (CDKs) control the onsetview what is known about the different endocycle types
of both mitosis and S phase. Mitotic control is mediatedfound in nature and how they are regulated. We also
by A and B type cyclins complexed with Cdk1, andoffer some ideas about why endocycles are so com-
also by Cdc25 type phosphatases that serve to activatemonly used.
Cdk1. S phase inititation and progression are medi-
ated by Cyclin E/Cdk2 and Cyclin A/Cdk2 complexes,Definitions
whereas earlier cell cycle events including G0→G1 tran-Endoreplication, also known as endoreduplication,
sitions involve the D type cyclins complexed with Cdksgives rise to cells with extra copies of the genomic DNA.
4 and 6. Endoreplicating cells appear to have simplifiedIn many cases the chromosome number is increased in
this regulatory machinery by eliminating the expressionmultiples of N (the normal haploid chromosome num-
of components that are no longer required. For instance,ber). Such cells are referred to as polyploid or endopoly-
some endoreplicating cell types that bypass mitosis doploid (Figure 2A). Endoreplicated cells in which the sister
not express Cdk1 or its activators, Cyclin B, Cyclin A,

chromatids remain closely associated are referred to as
and Cdc25C. Cell types in which mitosis is partially tra-

polytene (Figure 2B). Thus whereas sperm nuclei are
versed but incomplete have been reported to have low-

1N, 1C, diploid cells in G1 are 2N, 2C, and diploid cells ered levels of these G2/M regulators. This suggests that
in G2 are 2N, 4C, a polyploid cell might be 32N, 32C or levels of mitotic CDK activity may be responsible for
32N, 64C. Polytene cells are normally descended from determining the extent of mitotic functions retained in
diploid progenitors, but since homologs are paired, the an endocycling cell. However, some studies have found
equivalent polytene cell would be 1N, 64C (White, 1973). that endocycling cells can also lose structural compo-
The best known example of polyteny is found in the nents required for mitosis, such as centrosomes (Maho-
giant salivary gland chromosomes of Drosophila, which wald et al., 1979). Although the loss of structural mitotic
have up to 2048 copies of the euchromatic genome components is a plausible mechanism for initiating en-

docycling, it could also be a secondary event with little
functional relevance.3 Correspondence: bedgar@fhcrc.org, weaver@wi.mit.edu
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Figure 1. Cell Size Is Correlated with Ploidy

An example from the wing epithelium of the moth Ephestia. Scale
producing cells endoreplicate up to 32N, and the size of both the
cell bodies and scales (apical protrusions) is proportional to their
ploidy. Nuclei are filled in blue, and N values denoted in red.
(Adapted from: Alfred Kühn, Vorlesungen über entwicklungsphysiol-
ogie, Springer-Verlag, Berlin, 1955.)

What enables endocycling cells to replicate their DNA
many times within a single interphase, and thus escape
the mechanisms that block rereplication in mitotic cells?
This is not entirely clear yet, but work in diverse mitotic
systems does suggest what sort of mechanisms to ex-
pect. Many recent studies indicate that after completion
of an S phase, cyclin/CDK activity must drop to low
levels before rereplication is possible. A window of low
CDK activity is initiated by destruction of the G2 cyclins
during late metaphase by the anaphase promoting com-
plex (APC), which remains active through early G1. Low
CDK activity during early G1 allows the assembly of
prereplication complexes (preRCs) containing ORC pro-
teins, Cdc6, Cdt1/Dup1, and MCMs onto DNA replica-
tion origins, thus “licensing” the DNA for another round
of replication. Cdc6 and the MCM proteins are removed
from the DNA during and after S phase, and their ability
to rebind and relicense the DNA for replication is inhib-
ited during the S and G2 phases by high levels of Cdk2
and Cdk1 activity. It is only after levels of Cdk activity
drop during the M→G1 transition that relicensing be- Figure 2. Chromosome Configurations Produced by Different

Types of Endocyclescomes possible again. In this way only a single round
of DNA replication is allowed in each mitotic cycle (see (A) Separated sister chromatids in an 8N polyploid cell; (B) aligned

polytene chromosomes in which the centric heterochromatin (wavyDonaldson and Blow, 1999, for review).
line) is underreplicated; (C) polytene chromosomes with an amplifiedOther switches that are built into this CDK↔APC tug-
region; and (D) proposed chromosome structure in a polytene nurseof-war may further ensure against inappropriate rerepli-
cell from Drosophila, illustrating that the extent of replication and

cation. For instance CDK inhibitors such as Sic1 in yeast sister chromatid pairing (black boxes) vary regionally (after Ham-
and p27Kip1 and p57Kip2 in vertebrates can be targeted mond and Laird, 1985). Centromeres are indicated with open circles
for turnover by CDK-dependent phosphorylation, and in all panels.

Geminin, a protein that sequesters Cdt1/Dup1 and thus
inhibits replication licensing, is periodically degraded
at anaphase, probably by the APC (Tada et al., 2001; cycles characterized in the literature and note how each

fits with these general notions of S phase control.Wohlschlegel et al., 2000). In endoreplicating cells, these
mechanisms could in principle confer intrinsic oscilla-
tory capability upon the S phase kinase, CycE/Cdk2, Endocycling in Mammals

Megakaryocytes are a blood cell type specialized toand thus also upon the machinery that first assembles
and then “fires” (activates) preRCs. Oscillations in Cyclin produce platelets. As part of their differentiation pro-

gram, megakaryocytes become polyploid up to 128NE activity and MCM localization (Su and O’Farrell, 1998)
have been reported in endocycles, and the Geminin tar- (for review, see Zimmet and Ravid, 2000). This conver-

sion to polyploidy is achieved via endomitosis, and isget Cdt1/Dup1 also appears to be used (Whittaker et
al., 2000). Moreover, the fact that all endocycles exhibit triggered by the secreted signal thrombopoietin. The

large increase in megakaryocyte size that results fromgap phases suggests that, as in mitotic cycles, CDK
activity must periodically cease to allow reassembly of polyploidy is correlated with their ability to bud off ade-

quate numbers of platelets. Cyclin D3 protein is upregu-preRCs and renewed DNA replication. Indeed, enforcing
continuous CycE/Cdk2 activity causes endocycles to lated in response to thrombopoietin in these cells, and

Cyclin D3 overexpression in the megakaryocyte lineagestall in Drosophila (Follette et al., 1998; Weiss et al.,
1998). Below we describe the different types of endo- has been found to increase megakaryocyte ploidy in
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cells increase their DNA content to .1000C, possibly
to facilitate the high metabolic activity required of them
(reviewed in Zybina and Zybina, 1996). The chromo-
somes of trophoblast giant cells have regions in which
replicated copies are tightly associated (Varmuza et al.,
1988). Thus their chromosomes are polytene, although
they are not aligned along their entire lengths to produce
the intricate banding patterns seen in insect polytene
cells. DNA replication in trophoblasts is cyclic, and as-
pects of mitosis are present. The chromosomes bundle
in what has been termed “endoprophase,” and then
decondense and dissociate in “endointerphase” when
DNA replication occurs. Changes in cell cycle regulators
were investigated in the trophoblast cell line, Rcho1
(MacAuley et al., 1998). During Rcho1 polytenization,
Cyclin D1 is induced, Cyclins E and A remain high, and
levels of Cyclin B are reduced. The CDK inhibitor (CKI)
p57Kip2 is upregulated as Rcho1 cells differentiate and
become polytene (Hattori et al., 2000). p57 protein accu-Figure 3. Endocycles Bypass Aspects of S Phase and Mitosis to
mulates at the end of each S phase and disappearsDifferent Extents
several hours before each subsequent S phase. Further-The gray circle indicates a generic mitotic cell cycle, and the black
more, a mutation that stabilizes p57 blocks S phasearrows indicate truncated cell cycles found in different types of

endoreplicating cells. entry, suggesting that this inhibitor may mediate fluctua-
a: Drosophila larval tissues, post-cycle 6 ovarian nurse cells. tions in Cyclin E/Cdk2 activity and thus allow periodic
b: Cycle 1–4 Drosophila nurse cells. replication origin licensing and firing. Interestingly, the
c: Cycle 5 Drosophila nurse cells, mammalian giant trophoblasts.

mutation used to stabilize p57 encompasses a putatived: Endomitosis in mammalian megakaryocytes.
CDK phosphorylation site. This suggests that there may
be feedback between CDK activity and p57 stability,
and so provides one of the switches required to buildtransgenic mice (Zimmet et al., 1997). Antisense experi-
a biphasic oscillator. As described below, a CDK/CKI-ments with megakaryocyte cell lines show that decreas-
based oscillator may also be a plausible explanation foring the levels of Cyclin D3 blocks polyploidization, and
how some endocycles are controlled in Drosophila.thus Cyclin D3 appears to be critical for driving thrombo-

An interesting parallel exists between the control ofpoietin-induced endocycles (Wang et al., 1995). Studies
differentiation and polytenization of trophoblasts andof Drosophila Cyclin D/Cdk4 show that this complex
the maintenance of diploidy during Drosophila develop-can also increase ploidy in endocycling tissues, and
ment. The Drosophila Escargot protein, a member ofsuggest that it does this by potentiating cellular growth,
the snail family of transcription factors, is required torather than via direct effects on cell cycle regulators
prevent diploid abdominal histoblasts from becomingsuch as RBF, a fly retinoblastoma homolog (Datar et al.,
polyploid during larval development, when the majority2000). Knockout studies in mice are also consistent with
of the tissues are in the endocycle (Fuse et al., 1994;the idea that Cdk4 and the D-type cyclins are used to
Hayashi, 1996; Hayashi et al., 1993). A mouse generegulate growth, but this possibility has not yet been
(mSna) that is most homologous to Escargot is downreg-tested extensively. In the case of megakaryocyte endo-
ulated during trophoblast differentiation and polyteniza-cycling, it is not yet known what the critical targets of
tion (Nakayama et al., 1998). Overexpression of mSnathe Cyclin D3 kinase complex are.
in rat Rcho1 cells reduced the frequency with whichEndomitosis in megakaryocytes involves nuclear en-
these cells differentiated to form giant polytene tropho-velope breakdown and the appearance of condensed
blast cells, but did not affect the kinetics of endocycleschromosomes and multipolar spindles (Nagata et al.,
in trophoblasts that had already differentiated. Both the1997). Sister chromatids have been observed to sepa-
Drosophila Escargot and mSna proteins are expressedrate in anaphase A, but anaphase B does not occur. As
in a variety of diploid tissues. These observations havea consequence, replicated copies of the chromosomes
led to the proposal that the Escargot and mSna tran-are incorporated into the same nucleus when the nuclear
scription factors affect differentiation decisions that pre-envelope reforms at a stage equivalent to telophase.
clude endoreplication.Cytokinesis appears to be bypassed completely. Mega-

karyocyte endomitosis is reported to occur at subnormal
levels of the mitotic regulatory kinase, Cyclin B/Cdk1 Endocycling in Plants

Many plants contain tissues that become highly poly-(reviewed in Zimmet and Ravid, 2000), and the observa-
tion has been made that degradation of Cyclin B is ploid during development. A survey of Arabidopsis re-

vealed polyploidy in hair trichomes, leaf epidermal cells,relatively enhanced (Zhang et al., 1998). Thus, premature
or excess degradation of Cyclin B might account for the root tip cells, and cells in the hypocotyl (Galbraith et al.,

1991; Melaragno et al., 1993). In some cell types theexit from mitosis prior to anaphase B, nuclear division,
and cytokinesis. extent of endoreplication appears to be intrinsically con-

trolled by the differentiation program, but environmentalMammalian trophoblasts, which contribute to the pla-
centa, also become polyploid via endocycles. These influences such as light can also affect endoreplication
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(see Traas et al., 1998 for review). Examples of somatic
polyploidy are particularly prevalent in plants with small
genome sizes, raising the possibility that high ploidy
may be needed for certain aspects of plant growth or
function (De Rocher et al., 1990; Nagl, 1976). Proposals
include a requirement for increased cell size to achieve
a particular morphology, the need to change nuclear to
organelle ratio, and the use of increased gene copy
number to cope with environmental damage. Polyploidi-
zation in the maize endosperm has been proposed to
increase its metabolic capability.

Cell cycle regulators have been analyzed in Arabi-
dopsis, maize, and alfalfa endocycles. Regulators that
control the G1-S transition in mammalian cells, particu-
larly the Rb-Cyclin D pathway, are conserved in plants
(for review see den Boer and Murray, 2000). During poly-
ploidization of maize endosperm, mitotic cyclin/Cdk ac-
tivity has been reported to decrease, whereas S phase
cyclin/Cdk is maintained. In this case, however, the spe-
cific cyclins and CDKs involved have not been defined
(Grafi et al., 1996; Grafi and Larkins, 1995). Investigation
of polyploidization in alfalfa demonstrated a novel role
for proteolysis in the endocycle (Cebolla et al., 1999).
An ortholog to the Cdh1/Fzr-related family of proteins,
which activate the anaphase promoting complex and
promote G2 cyclin degradation in other species, was
isolated from alfalfa and called ccs52. Strikingly, the
ccs52 gene is expressed in endocycling cells, and when
antisense RNA was used to reduce the level of ccs52
transcripts, ploidy in these cells was reduced. There
was no effect on diploid cells. This suggests that APC-

Figure 4. The Relationship of Growth and Endocycle Progressionmediated proteolysis may be a key event in generating
in the Polytene Salivary Glands of Drosophila Salivary Glands

polyploidy. As described above, periodic APC activation
All glands are from third instar animals of the same age and size.

is one mechanism that might permit preRC assembly DNA is stained with DAPI (blue). Normally (A) the salivary cells poly-
and licensing between S phases. It remains unclear tenize to 2048C. When endocycle progression is stalled at z16C
which specific APC targets might be involved in endocy- by forced expression of the CDK inhibitor p21CIP1 (B) the glands fail

to grow. Endocycle progression can also be blocked by continuouscling in alfalfa, or whether APC-mediated proteolysis
overexpression of Cyclin E (C), suggesting that Cyclin E expressionplays a role in other endocycles. Investigations in this
must be periodic for progression through successive endocycles.area may shed considerable light on the mechanisms
p21 or Cyclin E were expressed using the ptc-Gal4/UAS system.

of endocycle progression. Photo courtesy of Jessica Britton.

Endocycling in Insects
Endoreplication is widespread in arthropods (White, larval cells appear to be developmentally programmed,

ranging from 16C to 2048C depending on cell type.1973) and has been extensively characterized in the tiny
but highly polyploid fruit fly, D. melanogaster. Following In switching from mitotic to endo cycles, cells in the

Drosophila embryo terminate the expression of mRNAsthe cell-proliferative phase of Drosophila embryogene-
sis, many tissues initiate endocycles that lack all visible encoding the mitotic regulators Cdk1, Cyclin A, Cyclin

B, Cyclin B3, and Cdc25/string (Sauer et al., 1995). Howaspects of mitosis (Smith and Orr-Weaver, 1991). These
tissues, which include the gut, epidermis, fat body (liver), transcription of these genes is shut off at this juncture

is not known, but developmentally programmed sig-malipighian tubules (kidney), trachea, and salivary
glands, continue to endocycle during larval develop- nals are presumed to be important. In addition to pre-

programmed transcriptional controls, embryonic cellsment long after they are fully differentiated. Some adult
tissues, including ovarian follicle and nurse cells, and switching to the endocycle downregulate their mitotic

machinery at the protein level. Studies of Fzr/Cdh1, asensory neurons in the wing, also employ endocycles.
Endoreplication parallels larval growth, and experimen- regulator of the APC, show that APC activity is required

for the switch from mitotic to endocycles. fzr mutanttal inhibition of endocycle progression using DNA repli-
cation inhibitors, or mutations in genes essential for embryos show inappropriate accumulation of G2 cyclins

in G1 cells that are poised to initiate endocycling, andDNA replication, shows that increases in C values are
required for both cell and organismal growth (Figure these cells never initiate their first endocycle S phases

(Sigrist and Lehner, 1997). This is presumed to be due4). Conversely, conditions that arrest growth invariably
block endocycle progression, suggesting a tight regula- to the inhibitory action of persistent APC targets such

as Cyclin A, Cyclin B, or perhaps Geminin, on preRCtory linkage between these two processes (Galloni and
Edgar, 1999; Zhang et al., 2000). Final DNA levels in the formation. Consistent with this idea, experimental inhibi-
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tion of Cdk1 activity in fission yeast, budding yeast, and
Drosophila can force cells that are normally mitotic to
become endoreplicative (Hayashi, 1996).

The possibility that APC-mediated proteolysis might
be generally used in endocycle progression is sug-
gested by the observation in alfalfa noted above (Ce-
bolla et al., 1999), but it is still unclear whether Fzr or
the APC functions during successive Drosophila endo-
cycles. The expression pattern of Fzr suggests that the
Fzr/APC may be required only for the initial switch from
mitotic to endocycles, and that it is irrelevant thereafter.
Analysis of the Drosphila mutant morula, however, sug-
gests that this may not be the case in all cell types (Reed
and Orr-Weaver, 1997). Weak alleles of morula exhibit
the striking phenotype that polyploid nurse cells exit the
endocycle and resume mitosis. This is accompanied by
reappearance of Cyclin B protein via a posttranscrip-
tional mechanism, suggesting that APC function may
be compromised.

Figure 5. Hypothetical Feedback Relationships in the Gene Net-Of the examples described here, Drosophila’s endo-
work that Regulates Endocycling in Drosophila

cycles are the most distinct from the archetypal cell
Both positive (1) and negative (-) loops are suggested. This might

cycle. Not only do these cycles lack mitosis, but geno- allow pulses of CycE/Cdk2 activity to be generated from continuous
mic replication during each S phase is incomplete. In input signals derived from states of cell growth and determination.
most polytene tissues heterochromatin, which makes up
approximately 30% of the genome, is underreplicated duca sexta caterpillars. These cells endocycle to 32C
(Figures 2 and 3). This includes centromeric heterochro- and then, in response to a natural increase in the steroid
matin, intercalary (or interband) heterochromatin, and hormone ecdysone, reenter mitotic cycles and reduce
telomereic sequences. In addition, certain euchromatic their ploidy back down to 2C (Kato et al., 1987).
regions, such as the histone genes, can be underrepli- Another alteration observed in polyploid insect cells
cated (Laird 1980; Hammond and Laird, 1985). Hetero- is a relaxation of DNA replication controls to permit
chromatic replication is affected by levels of Cyclin E; amplification of specific genomic regions (Figure 2C). In
in weak cyclin E mutants heterochromatin in the ovarian the polytene salivary glands of the fungus fly, Sciara, a
nurse cells is replicated (Lilly and Spradling, 1996). Al- genomic region undergoes amplification (Liang et al.,
though the mechanism by which Cyclin E affects hetero-

1993). The somatic follicle cells of the Drosophila ovary
chromatic DNA replication is unclear, the idea most con-

become polyploid, but after wholesale genomic replica-
sistent with available data is that lowered levels of Cyclin

tion ceases, four specific chromosomal intervals con-
E allow S phase to continue for longer, and that this

tinue to endoreplicate (Calvi et al., 1998). The genes in
in turn allows heterochromatin (which is normally late

these regions are thus amplified. Two of the amplifiedreplicating even in mitotic cells) to replicate (Lilly and
regions contain genes encoding eggshell chorion proteinsSpradling, 1996). This might be because reduced levels
whose production at high levels is required for normalof Cyclin E affect the oscillations in CDK activity that
eggshell formation. Chorion gene amplification providesregulate preRC assembly and time S and Gap phases
an excellent metazoan model for replication origin usage(see below and Figure 5).
in which regulatory elements and replication initiationDevelopmental changes in Drosophila’s ovarian nurse
sites have been defined. Binding of the origin recogni-cells have provided additional insights into the parame-
tion complex (ORC) and other initiation proteins hasters of the endocycle (see Figures 2 and 3). During the
recently been demonstrated at these control elementsfirst five endocycles of nurse cell development, the chro-
(Austin et al., 1999; Whittaker et al., 2000). Interestingly,mosomes are polytene, with tightly associated sister
Drosophila E2F1 and the retinoblastoma homolog, RBF,chromatids. In these cycles, genomic replication is com-
also appear to be located in DNA-bound ORC com-plete and heterochromatin replicates late in S phase
plexes during DNA amplification (Bosco et al., 2001). In(Dej and Spradling, 1999). After the S phase of the fifth
rbf mutants, the follicle cells fail to switch from genome-endocycle, the chromosomes condense and separate
wide endoreplication to gene amplification correctly,from each other. In subsequent cycles the chromo-
and undergo an extra round of wholesale endoreplica-somes are polyploid in appearance, although an associ-
tion (Bosco et al., 2001). In addition, an increased num-ation between replicated chromatids is maintained (Dej
ber of rounds of amplification occur. These observationsand Spradling, 1999). In addition to this cytological
suggest that RBF is important both for limiting DNAchange, heterochromatin and some euchromatic re-
endoreplication during development and controlling ori-gions such as the histone genes are underreplicated
gin firing, and that it may execute these functions di-from cycle 6 on (Figure 2D; Hammond and Laird, 1985).
rectly upon the replication machinery.These observations reveal that the endocycle can retain

some properties of prophase and that developmental
Regulatory Switches in Endocycle Controlcontrols can alter the extent of DNA replication. An even
One central regulator of all Drosophila endocycles is themore extreme example of this sort of developmental

switching has been reported in epidermal cells of Man- S phase kinase, Cyclin E/Cdk2. The cyclin E gene is
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transcribed prior to the onset of endocycle S phases gests the existence of special “amplification factors,”
yet to be identified, that permit reinitiation of DNA syn-and is required for these cycles (Knoblich et al., 1994).

The E2F1/DP transcription factor, thought to be impor- thesis at amplicons in the presence of Cyclin E.
What mechanisms account for the periodicity oftant for Cyclin E transcription, is also required for normal

endocycle progression (Royzman et al., 1997). Ectopic Cyclin E in endocycling cells? Although there are clues,
this central problem is still unresolved in any system.induction of Cyclin E or E2F1 can trigger precocious

DNA replication in endoreplicating tissues, even after One possibility is that “hard wired” developmental pro-
grams explicitly specify the number of pulses of Cyclintheir cells have been forced into a quiescent state by

nutrient deprivation (Britton and Edgar, 1998). It is gener- E expression, and thus the number of S phases, that
occur in each different endocycling cell type. Such pre-ally believed that Cyclin E/Cdk2 is the trigger that “fires”

preRCs by phosphorylating as yet unidentified compo- programmed cues orchestrate many aspects of cell cy-
cle control during fly embryogenesis, including the pat-nents therein (Duronio et al., 1998). One recent study

of endoreplicating salivary glands, however, found that terning of mitoses, cell cycle exit into G1/G0, and the
transition to endocycling. Transcriptional control ofCyclin E induction caused the relocalization of an MCM

protein to chromatin, and the authors suggested (some- Cyclin E is known to be involved in the latter two transi-
tions, and the underlying mechanism is presumed towhat provocatively) that Cyclin E might also be involved

in preRC assembly (Su and O’Farrell, 1998; but see also be combinatorial control of transcription via the gene’s
very large, complex promotor region (Jones et al., 2000).Hua et al., 1997).

In apparent contrast to its role in promoting endocy- The idea that the embryonic endocycles are prepro-
grammed is also supported by studies showing thatcling, continuous overexpression of Cyclin E inhibits

endocycle progression in Drosophila (Follette et al., these cycles are patterned just as are the preceding
mitotic cycles (Smith and Orr-Weaver; 1991), and that1998; Weiss et al., 1998; Figure 4). This suggests that

oscillations in Cyclin E activity may be required for suc- the endocycles are initiated and patterned correctly
even in string mutants, which sustain a G2 cell cyclecessive endocycling. In fact, oscillations of Cyclin E pro-

tein have been documented in endocycling ovarian arrest early in embryogenesis long before the transition
to polyteny. The fly embryo, however, may be a specialnurse cells (Lilly and Spradling, 1996), and cyclin E

mRNA fluctuates in the endocycling embryonic gut (Dur- case. Stereotyped patterning of Cyclin E expression and
DNA replication have not been reported for the manyonio and O’Farrell, 1995) as well as in endocycling larval

tissues. Although these fluctuations are believed to re- endocycles that occur later in Drosophila development,
and most of these cycles appear to be asynchronousflect S/G periodicity, this has been clearly documented

so far only in a few embryonic endocycles. As noted within tissues (Smith and Orr-Weaver 1991; Lilly and
Spradling 1996). Moreover, most of the larval tissuesabove, fluctuations in Cyclin E levels have not been

observed in endocycling mammalian trophoblasts (Hat- that endoreplicate are fully differentiated and thus are
expected to be insensitive to many types of develop-tori et al., 2000), but in this case the kinase activity of

Cyclin E/Cdk2 may nevertheless fluctuate due to peri- mental signaling. For instance, genetic manipulations of
Notch, Hedgehog, FGF, DPP, and EGF signaling in theseodic expression of the CKI, p57Kip2.

It has been suggested that Cyclin E/Cdk2 activity may tissues have no effect on endocycle activation (Britton
and Edgar, 1998). Instead, external influences such ashave to drop between S phases to allow preRC assembly

and relicensing of the DNA for replication (Hua et al., nutrition and endocrine hormones regulate the larval
endocycles to a large degree (see below).1997; Follette et al., 1998; Weiss et al., 1998). Much

experimental work from mitotic systems supports the One alternative to micromanagement by develop-
mental programming posits that the gene network con-idea that CDK activity inhibits preRC assembly, but two

apparently contrary observations from flies warrant trolling endocycling acts as an oscillator, reading out
pulses of Cyclin E expression in response to continuousmention. First, all 16 mitotic cycles of Drosophila em-

bryogenesis proceed in the presence of high, continu- inputs such as nutrition. Although this possibility has
not yet been tested rigorously, the available data doous Cyclin E/Cdk2 activity (Sauer et al., 1995). Second,

although continuous overexpression of Cyclin E in mitot- indicate the existence of feedback controls that might
confer periodicity upon Cyclin E. One of many plausibleically proliferating wing imaginal cells does truncate G1

and elongate S phases, it fails to arrest cell cycle pro- oscillators is shown in Figure 5. This particular mecha-
nism is suggested by data obtained in several differentgression altogether. These apparent paradoxes suggest

that preRC assembly can occur in mitotic Drosophila developmental contexts, as follows. First, Cyclin E and
the E2F1/DP transcription factor, both of which are re-cells even in the presence of high Cyclin E activity. This

might be explained by differences between mitotic and quired for normal endocycles (Knoblich et al., 1994;
Royzman et al., 1997), can act as mutual activators ofendocycle preRC components, and in fact one Drosoph-

ila MCM protein has been described that may be used each other, and thus might cooperate in a positive feed-
back loop to initiate G→S transitions (Duronio et al.,in mitotic but not endocycle S phases (Feger et al., 1995).

Another possibility is that nuclear envelope breakdown, 1996). Observations parallel to findings in vertebrates
show that Drosophila Cyclin E/Cdk2 can potentiate E2F1which occurs in mitotic cycles but is bypassed in Dro-

sophila’s endocycles, may transiently lower nuclear lev- activity by phosphorylating and inactivating the E2F1
corepressor RBF, whereas E2F1 can promote transcrip-els of Cyclin E/Cdk2 and thus facilitate preRC assembly

even while cytoplasmic Cdk2 activity remains high. In tion of the cyclin E gene. Second, Cyclin E can also
negatively regulate its own transcription, in endocyclingthis regard it is interesting that Cyclin E is present but

does not detectably oscillate during gene amplification embryonic cells (Sauer et al., 1995). The mechanism for
this is obscure, but one possibility involves dacapo, ain the ovarian follicle cells (Calvi et al., 1998). This sug-
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Cyclin E expression after S phase initiation, and perhaps
also indirectly squelch E2F1 activity. Consequent loss
of Cyclin E and E2F1 activity might then cause dacapo
levels to decline, allowing Cyclin E activity to rise again
and fire another S phase. Computer simulations suggest
that such a flip-flop oscillator might work in principle
(E. Meier and B. Edgar, unpublished), but establishing
whether this or any sort of oscillator actually operates
in vivo will require some very careful experimentation.

Lest the reader become too enamored with cell cycle
oscillators, we caution that some of the data already
contradict the specific feedback relationships shown
in Figure 5. For instance, ovarian nurse cells lacking
RBF—an essential component of the oscillator dia-
grammed in Figure 5—appear to support endocycles
(Du and Dyson, 1999). The notion that positive feedback
exists between Cyclin E and E2F1 is only weakly sup-
ported, being based principally on data from overex-
pression experiments that are not clearly consistent with
loss-of-function mutant analysis (Duronio and O’Farrell,
1995; Sauer et al., 1995). Moreover, Cyclin E and E2F1
probably do not require each other for activity. Expres-
sion of E2F1 target genes occurs even in cyclin E mu-
tants (Duronio and O’Farrell, 1995), whereas the regula-
tory region of Drosophila’s cyclin E locus contains many
modular enhancer elements and two promoters (Jones
et al., 2000), only one of which is thought to be E2F
responsive. Nonetheless, the idea that feedback regula-
tion intrinsic to the cell cycle control apparatus confers
periodicity on Cyclin E/Cdk2 activity is compelling since
it would permit a periodic output—successive rounds of
preRC assembly and firing—to be driven by continuous
input signals. As described below, these upstream sig-
nals are most likely derived from states of cell specifica-
tion and cell growth.

Upstream Regulators of the Endocycle:
Differentiation and Growth
What are the upstream regulators of Drosophila’s endo-
cycles? As noted above, the levels of ploidy achieved by
the various larval tissues appear to be developmentally
preprogrammed, ranging from as little as 16C in some
gut and epidermal cells to as much as 2048C in the
famous polytene cells of the salivary glands. Genetically

Figure 6. Experimentally Upregulating Cellular Growth Promotes coding the number of cycles each cell type undergoes
Hyperendoreplication might seem the best way to achieve this, but in fact one
In this example the transcription factor dMyc (Johnston et al., 1999; can imagine many ways in which an oscillator might also
Britton, 2000) was clonally overexpressed in a subpopulation of be subject to cell type-specific regulation. For instance,
cells in the fat body of Drosophila using the FLP/Act..Gal4/UAS

relative levels the oscillator’s components could be af-transgene system. GFP is coexpressed with dMyc, marking three
fected by cell type-specific factors, and this might affectlarge cells in the center of the photo. The surrounding GFP-negative
the frequency of preRC firing, or the developmental win-cells are unaffected. Fat body cells normally endoreplicate uniformly

to 256C, but the increased growth caused by excess dMyc allows dow within which DNA replication was possible. One
these cells to endoreplicate to .2048C. Photo courtesy of Ling Li. attractive scenario of this type involves direct coupling

of the oscillator’s frequency to metabolic rate, a cell
type-specific characteristic. This idea is supported by
several observations. First, progression of Drosophila’sfly p27Cip/Kip homolog that specifically inhibits Cyclin

E/Cdk2 activity. Dacapo protein oscillates in endocycling larval endocycles is tightly coupled to an ongoing influx
of dietary protein from feeding (Britton and Edgar, 1998).ovarian nurse cells, just out of phase with Cyclin E,

and this oscillation is Cyclin E dependent. Moreover, These endocycles can be stopped, restarted, slowed,
or accelerated by altering feeding regimes. Altering nu-overexpressed Cyclin E or E2F1 can increase the ex-

pression of dacapo in mitotic Drosophila cells (de Nooij tritional conditions, temperature, or the hormonal sys-
tem that defines the feeding period also changes theet al., 2000). These relationships provide the ingredients

for a negative feedback loop that might autoextinguish final ploidy of the larval tissues. Second, numerous
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