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ABSTRACT 

We have identified and characterized the rnurine fizzy-reIated (Fzr) gene which 

encodes a WD-repeat protein with a high degree of homology to its Xenopus and 

Drosophila homologs. Fzr is expressed in post-mitotic and endoreduplicating cells of the 

mouse placenta as well as in differentiated Rcho-1 rodent trophoblast giant cells. In 

proliferating Rcho-1 stem cells, overexpression of Fzr results in exit from the mitotic ce11 

cycle at G2M and downregulation of cyclin B, similar to what is observed in yeast. In 

addition, overexpression of Fzr in Rcho-l cells promotes differentiation to the giant ce11 

fate. These data indicate a conserved role for Fzr in regulating exit from mitosis by 

modulating the levels of rnitotic cyclins. Furtherrnore, by promoting the transition frorn 

the mitotic ce11 cycle to the endocycle in trophoblast giant cells, Fzr plays an important 

role in the development and differentiation of this unique and essential cell type. 
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CHAPTER ONE 

INTRODUCTION 



The placenta is of crucial importance to the health and survival of the developing fetus. 

In addition to allowing the conceptus to implant into the uterus, the placenta is also 

involved in nutnent delivery to the embryo and in modulation of metabolic, immune, and 

endocrine functions. The mature placenta develops in part from trophoblast cells, 

specified early in development. One very significant feature of trophoblast 

differentiation is endoreduplication, a process by which cells undergo successive rounds 

of DNA synthesis in the absence of intervening mitoses. As trophoblast cells 

endoreduplicate, their nuclei enlarge and the cells swell, acquiring a characteristic "giant" 

ce11 morphology. The biological functions of endoreduplication are unknown, however 

hypotheses could include the tremendous upregulation of genes or the occupation of a 

particular area of tissue. 

ClearIy, endoreduplication involves an alteration in normal ce11 cycle 

mechanisrns. The study of trophoblast giant ce11 development, then, impacts not only on 

fetal medicine, where placental abnomalities result in fetaI disease or death, but also on 

the study of cancer, which is essentially a disease of excessive and unregulated rnitotic 

proliferation. A more detailed understanding of the mechanisms which control mitosis 

could lead to strategies to block cancerous ceIl division. 

This work describes the characterization of the marnmalian homolog of flzzy- 

related. Fm-related is a highly conserved gene from yeast to humans which controls 

exit from mitosis by targeting mitotic cyclins and other proteins for degradation. In 

trophoblast celIs,fizzy-related promotes differentiation to the giant ce11 fate and transition 

to the endocycle. Therefore, this study spans both the subjects of rnurine placental 

development, the rnitotic ce11 cycle, and the endocycle. 



The placenta is the first organ to develop in marnmals and is essential for the 

survivd of the embryo. Its ce11 layers mise from trophoectoderm, the outer layer of the 

blastocyst, Trophoectoderm allows for the attachment of the blastocyst to the uterus 

(implantation) and, as development proceeds, vascular connections necessary for nutrient 

transport. Trophoblast celIs also redirect the materna1 endocrine system to produce 

hormones that maintain pregnancy. Finally, materna1 immune and metabolic functions 

are altered for the protection and growth of the fetus (Cross et al., 1994)- Genetic studies 

in rnice have identified a nurnber of growth factors, ce11 adhesion molecules and 

transcription factors required for interaction between and differentiation of placental ceII 

types (Cross, 1998). 

Early Development of the Trophoblast Lineage 

The trophoblast ce11 lineage is the first to differentiate during development of the 

early mammalian embryo and is critical for intrauterine survival. Its formation is 

initiated by the events of compaction at the eight-ce11 stage, when cells become polarized. 

As successive divisions occur, the outer polar cells enclose inner apolar cells until the late 

blastocyst stage, where two distinct lineages are forrned. The outer monolayer of 

blastocyst cells forms the trophectoderm, whereas the remaining cells on the inside of the 

blastocyst forrn the inner ce11 mass (ICM) at one end of the blastocoelic cavity (Figure 1). 



These cells are pluripotent stem celIs that wiI1 give rîse to the embryo proper as well as to 

placental mesoderm and other extraembryonic membranes. 

The first important role of the trophoectoderm is to allow attachment of the 

blastocyst to the uterus as the embryo implants (Gardner, 1972). Trophoblast cells in 

contact with the ICM (known as "polar" trophectoderm) continue to proliferate aiter 

implantation and grow both inward to form the extraembryonic ectoderm and outwards to 

form a mass of trophoblast called the ectoplacental cone (EPC) (Gardner et al., 1973). In 

contrat, trophoblast cells distal to the ICM (known as "mural" trophectoderm) cease 

proliferation and differentiate to form rnitotically arrested primary trophoblast giant cells. 

These cells undergo successive rounds of DNA synthesis and ce11 gowth in the absence 

of mitosis, a process known as endoreduplication. With tirne, the giant cells acquire a 

characteristic enlarged rnorphology with large polyploid nuclei. The giant cells 

eventually corne to surround the entire conceptus, providing the first matemal-fetal 

interface. 

As development proceeds, more placental ce11 layers are formed. Trophoblast 

cells of the EPC adjacent to the embryonic ectoderm form the future chorion. The 

chorion contributes to the Iabyrinthine layer of the mature placenta. Within the 

labyrinthine layer, trophoblast cells become post-mitotic and fuse to form a syncytium 

(West et al., 1995). The EPC becomes the spongiotrophoblast Iayer by E10.5. Both the 

EPC and the spongiotrophoblast layer contribute new secondary giant cells to the 
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Figure 1. Development of extraembryonic ceil üneages. E, gestational age (eg. E2.5 = embryonic 
day 2.5). Adapted from Rossant (1995). 



maternal-fetal interface (Gardner e t  al., 1973)- The mature placenta contains, therefore, 

at Ieast three different kinds of trophoblast ce1Is - an outer Iayer of giant cells; a layer of 

spongiotrophoblast, through which maternai blood vessels travel (Figure 1 and Figure 2); 

and the cells of the Iabyrinthine layer, which surround fetal blood vessels and provide the 

interface for nutrient and gas exchange with the matemal blood (Rossant, 1995). 

Functions of Trophoblast Cens 

Trophoblast cells have a variety of functions during development, such as 

adhesion to the uterus, nutrient transport, and production and secretion of hormones 

(Cross et al., 1994). At the blastocyst stage, the trophectoderm layer of the mouse 

bIastocyst differentiates to form the invasive trophoblast that mediates implantation of the 

embryo into the uterine wall (Sutherland et al., 1993). Implantation involves a change in 

the properties of trophectoderm cells; they acquire both adhesive behaviour and motility 

(Chavez, 1984; Bevilacqua and Abrahamson, 1988). Trophoblast cells interact with the 

extracellular matrix (ECM), which is synthesized by migrating parietal endoderm cells of 

the blastocyst as they deposit the membrane between thernselves and the mural 

trophoectoderm (Mazariegos et  ai., 1987). The ECM is composed mainly of laminin, 

fibronectin, and type IV collagen (Alexander and Werb, 1989). 

Trophoblast interactions with the ECM depend largeiy on the integrin family of 

adhesion receptors (Sutherland et  al., 1988). The changes in  trophoblast adhesive and 

migratory behaviour that occur at the time of implantation can be explained by the 

developmentally regulated expression of integrins. While several integrins, such as 
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receptors for fibronectin (cL5p 1), laminin (a6B p 1) and vitronectin ( aVP3)  are 

constitutively expressed throughout the implantation period, other subunits (a2, a6A, 

a7) are first expressed a t  the time of implantation, coincident with the acquiring of 

attachment cornpetence (Sutherland et al., 1993). Several of these subunits are also 

detected at E7-5 in the ectoplacental cone and rnay therefore play specific roles in 

trophoblast adhesion and/or differentiation- 

As development proceeds, the placenta is anchored to the uterine wa1l by 

trophoblast invasion through the uterine epithelium. This process depends on the 

remodeling of the ECM and the metabolism of its components (Behrendtsen et al., 1992). 

Trophoblasts degrade the ECM by expressing metalloproteinases, a farnily of zinc- 

dependent proteinases that can degrade al1 major ECM components (Alexander and 

Werb, 199 1). For example, trophoblasts produce gelatinase B (also known as matrix 

rnetalloproteinase 9 or MMP-9). Gelatinase B is required for trophoblast invasiveness in 

vitro and in vivo (Behrendtsen et al., 1992; Alexander et al., 1996). In addition, changes 

in gelatinase B expression correlate with changes in trophoblast behaviour; both 

trophoblast invasion and gelatinase B expression peak at day 7.5. In addition to 

producing proteinases that degrade the ECM, trophoblasts also alter their adhesive 

properties during invasion by producing the anti-adhesive protein, tenascin, at sites where 

trophoblasts start to invade (JuIian et al., 1994). 

Trophoblast celIs are also involved in triggering the production of a number of 

hormones. For exampleo the hormone progesterone is required throughout pregnancy to 

maintain a proper uterine environment (Cross et al., 1994). Early in gestation, 

conceptuses of al1 species induce materna1 endocrine changes that ensure continued 



progesterone secretion, a physiological response referred to as matemal recognition of 

pregnancy (Short, 1969). In rodents, this sustaîned production of progesterone is one of 

the functions of the prolactin-Iike hormones, which are dso responsible for inducing 

mammary gland development (Linzer and Fisher, 1999). Prolactin-like hormones 

produced by trophoblasts become the primary luteotrophins in the latter half of 

pregnancy. Trophoblast giant cells secrete several prolactin-like hormones in a highly 

ordered sequence (Faria and Soares, 1991; Soares et al., 1996); PL-1 production peaks 

first, followed by PL II and proliferin. 

Molecular Genetics of Trophoblast Development 

A number of genes have been demonstrated to play direct roles in the 

development of the different trophoblast subtypes. Mash2, for example, encodes a 

rnember of the basic heIix-loop-helix (bHLH) transcription factor family and is expressed 

in the extraembryonic ectoderm of the chorion and ectoplacental cone at E8.5 (Guillemot 

et al., 1994; Tanaka et al., 1997). Mash2 mRNA Ievels decrease with trophoblast 

differentiation into trophoblast giant cells. Mash2 plays an essential role in the 

development of the spongiotrophoblas t layer. B y E 1 O S ,  Mash2 deficient conceptuses 

die due to placental failure associated with an absent spongiotrophoblast layer, excess 

trophoblast giant cells and also a poorly developed Iabyrinthine layer (Guillemot et al., 

1994; Tanaka et al ., 1997). Mash2 function is therefore to maintain spongiotrophoblast at 

the expense of giant ce11 differentiation. 



Another bHLH factor, HandI (formerly known as HflIeHAND) is aiso involved 

in trophoblast development. HQndI is strongly expressed in trophoblast giant cells at al1 

stages of developrnent and in the ectoplacental cone, where its expression overlaps with 

M m h 3  (Scott et al., 2000). In contrast to Mash2 mutants, Handl nul1 embryos die 

around Et3 with a smaller ectoplacental cone, a failure of primary giant ce11 differentiation 

and an absence of secondary giant cells (Riley et al., 1998; Scott et al., 2000). Handl, 

therefore, appears to promote differentiation to the giant ce11 fate, an activity opposite to 

that of Mash2. 

Due to the opposing activities, yet overlapping expression patterns, of Handl and 

Mask2,  the expression patterns of their dimerization partners, the E-factors, was 

exarnined. E-factors are bHLH proteins that dimerize with Mash2 and Handl for DNA 

binding and are expressed in the ectoplacental cone and spongiotrophoblast but, 

interestingly, not in giant cells (Scott et al., 2000). Therefore, inhibition of Mash2 

function, which is required for giant ce11 differentiation, may occur by loss of its E-factor 

partner by downregulation and/or cornpetition from Handl. In giant cells, Handl 

presurnably associates with a different bHLH partner. 

Another important class of HLH proteins expressed in the placenta are the Id 

factors. Id factors, which lack a functional basic domain and cannot bind DNA, inhibit 

bHLH activity by forming inactive heterodimers with E-factors (Benezra et al., 1990). 

Transcnpts of Id-l and Id-2 are detectabIe in the extraembryonic ectoderm of the chonon 

but not in the ectopIacenta1 cone or giant cells (Jen et al., 1997). In vitro, giant ce11 

differentiation is accornpanied by downregulation of Id-1 and Id-2, and sustained Id-l 

expression reduces giant ce11 differentiation (Cross et al., 1995). 



The estrogen-receptor-related receptor ERR2 has also been implicated in 

trophoblast development. Normdly expressed in the extraembryonic ectoderm of the 

chorion, mutation of Err2 results in lethality with an absence of chorionic ectoderm, a 

decrease in the number of spongiotrophoblast cells, and an increase in trophoblast giant 

ceII number (Luo et  al., 1997). It is likely, then, that ERR2 is responsible for promoting 

trophoblast proliferation at the expense of giant ce11 differentiation. 

Gene targeting experiments have suggested several candidate growth factors that 

could regulate trophoblast growth and differentiation (Cross, 1998)- EGF-receptor- 

deficient embryos display mid-gestation lethality with a small spongiotrophobiast layer 

(Sibilia and Wagner, 1995). In addition, the placenta was reported to detach easily from 

the decidua, suggesting a ceII adhesion defect. Supporting this hypothesis, EGF-R has 

been reported to associate with ce11 adhesion molecules in vitro (Hoschuetzky et al., 

L994). Mutation of the SF/HGF gene results in embryonic lethality with a markedly 

reduced number of Iabytinthine trophoblast cells (Uehara et al., 1995)- SFIHGF, 

produced by the allantois, may therefore be responsible for stimulating trophoblast ceIl 

proliferation in the labyrinthine layer. 



The Eukanotic Ce11 Cvcle 

Execution of the ce11 cycle is dependent on a cascade of precisely timed and 

intricately Linked events. The fidelity of this process is crucial to the maintenance of the 

genome and the survival of the ce11 and organism. In fact, ce11 cycle progression depends 

upon the characteristic activation and repression of multiple protein complexes during 

distinct phases which initiate or halt a vast array of cellular and biochemical processes. 

The Cell Cycle 

The ce11 cycle process followed by the large majority of eukaryotic cells is one in 

which duplication of genomic DNA is systematically folIowed by mitosis, resulting in 

two daughter cells with diploid DNA content, similar to the parent cell. Across the 

divisions of eukaryotes, four distinct phases of the ce11 cycle can be identified (Murray 

and Kirschner, 199 1). There is an initial "gap" phase (Gl phase), where cells respond to 

growth factors or other environmental signals. DNA replication (S-phase) follows Gt, 

and then there is a second "gap" phase (G2) where the molecular events leading up to 

mitosis (M) are prepared. During mitosis, previously replicated genomic DNA is 

assigned to two newly forrning nuclei, ce11 division occurs, and two new daughter cells 

are produced. This type of ce11 cycle is referred to as the mitotic ce11 cycle and can be 

distinguished from other modes of ce11 growth and division which will be discussed later. 

AIthough certain molecular details differ, the ce11 cycle is remarkably conserved from 

yeast to humans. 



C e 1  Cycle Control - the Cyciin/CDK complex 

The rnitotic ce11 cycle is controlled by several regulatory protein complexes that 

function dunng the distinct ce11 cycle phases. The principal regulators of the ce11 cycle 

are the cyclin/cyclin-dependent kinase (Cdk) complexes (Nigg, 1995). Cdk activity 

requires association of the kinase with a positive regulatory subunit (cyclin), so named 

because its abundance typically fluctuates during the ce11 cycle- Apart from perïodic 

changes in cyclin levels, Cdk activity is further regulated by phosphorylation of the 

catalytic subunit and binding of inhibitory proteins (cdk-inhibitors or CKIs) to the 

cyclin-cdk complex. In the budding yeast Saccharomyces cerevisiae, ce11 cycle 

progression is driven by a single Cdk, Cdc28, which sequentially associates with distinct 

classes of c y c h s  (Nasmyth, 1996). The G1 cyclins, Clnl, -2 and -3, complex with 

Cdc28 to catalyze progression through GI. DNA replication (S-phase) is triggered by 

associations with S-phase cyclins Clb5 and Clb6. Different cyclins, Clb's 1-4, associate 

with Cdc28 later and induce entry into rnitosis (Nigg, 1995). Cdk-inhibitors also play an 

important role in ce11 cycle regulation. For example, the Sic 1 Cdk-inhibitor prevents 

early DNA replication by specifically binding to Clb-Cdc28 complexes until it is 

degraded in late Gl (Schwob et al., 1994)- 

In higher organisms, the molecular organization of the ce11 cycle is quite similar 

although certain differences do exist. For example, there are several Cdks (CDKs 1-6) 

that associate with the sarne andor different cyclins at different points in the ce11 cycle- 

In the case of progression through G1, for example, the D-type cyclins associate with 



CDK2, 4, and 6. There are three D-type cyclins (cyclin Dl ,  D2, D3), each differentidly 

expressed in various ce11 lineages (Matsushime et. al., 1991, 1992; Kiyokawa et al., 1992; 

Sherr, 1993). Induction of D-type cyclin activity is highly growth-factor dependent. 

Therefore, it is at this point that the ce11 can either commit to undergo a ce11 cycle round, 

or, in the absence of sufficient growth signals o r  environmental cues, arrest. A similar 

phenomenon occurs in yeast at G1 through the Ch-Cdc28 complex and the point of 

decision is referred to as the "restriction point" or  "START". 

Another Gl  cyclin, cyclin E, associates with CDK2 to allow the GUS transition. 

CDKS associates with cyclin A for progression through S-phase. Association of CDKl 

with cyclins A and B are required for entry into mitosis (Figure 3). As in yeast, the 

activity of cyclin-cdk complexes can be modulated by CKIs that act predominantly on 

G 1/S cyclin-cdk complexes (S herr and Roberts, 1995). 

Regulated Proteolysis of Ce11 Cycle Proteins 

As previously described, cyclin abundance fluctuates during the ce11 cycle. For 

example, cyclin D is induced in G1 in response to growth factors (Sherr 1993). Cyclin A 

is first detected at the GUS transition and disappears dunng mitosis. Cyclin B 

accumulates in the cytoplasm from S until late G2 until it enters the nucleus just prior to 

nuclear membrane breakdown (Pines and Hunter, 1991, 1994). It is then degraded by 

early G1. In addition to cyclins, a large number of other ce11 cycle proteins are degraded 

at characteristic times. This regulated degradation is required to both promote a given 

phase and also to prevent the premature or inappropriate activation of another phase; in 
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other words, to ensure that only one set of ce11 cycle processes happens at any given time 

(Townsley and Ruderman, 1998). 

Regulated degradation of ce11 cycle proteins is accomplished via ubiquitin- 

mediated proteolysis. The formation of ubiquitin-protein conjugates requires three 

components. First, a ubiquitin-activating enzyme (E I), activates and transfers a ubiquitin 

moIecuIe to a ubiquitin-conjugating enzyme (E2). E2, together with a ubiquitin-protein 

ligase (E3), polyubiquitinates target proteins that are then subsequently recognized and 

degraded by the 36s proteosorne (reviewed in Fang et al., 1999). WhiIe the E2 

responsible for mitotic cyclin ubiquitination in S. cerevisiae remains unidentified 

(Townsley and Rudeman, 1998)- two E2 molecules in vertebrates, Ubc4 and Ubcx, work 

equally welI in cyclin ubiquitination in vitro and are thought to be functionally redundant 

in vivo (Aristarkhov et al., 1996; Yu et al, 1996). E3 complexes are ce11 cycle regulated 

and are specificity factors that function in substrate recognition. Proteins such as mitotic 

cycIins contain a nine arnino-acid sequence tenned the destruction box or D-box (Glotzer 

et al., 199 1). E3 complexes recognize the D-box and catalyze the transfer of ubiquitin 

from the thioester of a ES-Ubiquitin complex to a free amino group on the protein, and 

then link further ubiquitin molecules in a chain. Two E3 complexes were discovered 

through studies of ce11 cycle replation: the cyclosome or anaphase-promoting complex 

(APC) and the SCF complex (Koepp et  al., 1999). The SCF complex acts during G1 and 

S phase, and wiII not be discussed further here (see Schwob et al, 1994; Bai et al., 1996; 

Feldman et al., 1997; Skowyra et al., 1997). The APC, on the other hand, is 

fundamentally important for mitotic progression and is discussed at length. 



The APC is a large, 1500 kDa protein complex composed of twelve subunits in 

budding yeast and at least eight subunits in mammals and Xenopus (Yu et. al., 1998; 

Zachariae et al., 1998a). As assessed by cyclin ubiquitination assays, APC activity is low 

in S, G2 and early mitosis (Amon et, al., 1994; Brandeis and Hunt, 1996), but becomes 

active in late mitosis to degrade anaphase inhibitors and rnitotic cyclins. Its activity 

seems to persist until late GI. In contrast to the El and E2 components of the ubiquitin 

system, the APC (E3) appears to be the only ceIl cycle-regulated cornponent (King et. ai., 

1995; Peters et. aI-, 1996; Yu et. al., 1996) and therefore it is reasonable to expect that 

much of the control of the sequence and timing of proteolytic degradation during mitosis 

wilI occur through the APC. 

Regulation of  APC Activity 

Two events are subject to proteolytic control durkg mitosis: sister chromatid 

separation at anaphase and exit from telophase into GI. Distinct substrates are degraded 

at each of these two points. Several questions then arise: how is the APC activated 

during mitosis, how is it inactivated during GI, and how c m  APC differentially regulate 

the timing of substrate ubiquitination? 

M C  activity is, in part, regulated by ce11 cycle phase-specific phosphorylation. 

Cdk 1 -cyclin B was reported to phosphorylate APC (Lahav-Baratz et. al., 1995; 

Shteinberg et. al, 1999). Recently, additional kinases that regulate APC activity, Polo- 

Iike kinase (Plk) and protein kinase A (PKA), have been identified. Polo-like kinase 

(PIk) (GIover et. al., 1 W8), a homolog of Drosophila polo and budding yeast Cdc5, 



phosphorylates and possibly activates at least three APC subunits, APCI, APC3 and 

APC6 (Charles et- al., 1998, Kotani et. al., 1998)- Cdc5 is also a substrate for APC- 

mediated proteolysis (Charles et al,, 1998; Shirayama et al., 1998), and its degradation 

may therefore represent the end of a negative feedback loop by which the APC destroys 

its own activator and prevents ectopic hnction during other phases of the cell cycle. 

CAMP-dependent protein kinase @KA) phosphorylates APCl and APC3 and suppresses 

APC activity (Kotani et al., 1998). 

In addition to Cdc5, a nurnber of other APC substrates have been identified in 

yeast and higher eukaryotes. These include the G2 cycfins Clb5 and Clb2 in yeast 

(cycIins A and B in mammals), Pdsl (an anaphase inhibitor) and Asel (a cytokinesis 

inhibitor) (Glotzer et. al., 1991; Cohen-Fix et. al., 1996; Juang et. al., 1997). Progression 

from metaphase to anaphase to mitotic exit, therefore, requires the proper sequential 

degradation of inhibitors by the APC. Substrate specificity and the accurate timing and 

order of degradation is accomplished by the regulated association of the APC with two 

WD-repeat containing CO-activator proteins, Cdc20 and Hct l/Cdh 1 (Schwab et, al., 1997; 

Visintin et. al, 1997; Fang et. al., 1998; Kramer et, al., 1998)- In budding yeast, Cdc20 

binds to activated APC near metaphase-anaphase. The APC-Cdc20 complex 

ubiquitinates and targets the anaphase inhibitor Pds 1 and Clb5 for degradation (Visitin et 

al., L997; Shirayama et al., 1999). It is speculated that Pds l inhibits one or more 

activators of the metaphase-to-anaphase transition. Pds 1 binds and presumably 

inactivates or sequesters Esp 1, a protein shown to activate sister chromatid separation 

(Ciosk et al., 1998). EspZ stimulates the cleavage of the protein Sccl from cohesin, a 

multisubunit complex which maintains sister chromatid cohesion (Uhlmann et al., 1999). 



Once Sccl  dissociates from the cohesin complex, the other components follow and 

anaphase can proceed. As for Clb5, its degradation is required so that it cannot cornplex 

with Cdkl (Cdc28). ClbWCdc28 complexes readily phosphorylate both Sic 1 and Cdhl in 

vitro which causes Sic 1 to be unstable and Cdhl to be inactive, Sicl, a Cdk inhibitor, 

inhibits Cdc28 and therefore prevents the formation of an active cyclin-CDK complex (at 

the sarne time, mitotic cyclins are being degraded). Therefore, degradation of Pds 1 and 

Clb5 by the APC-Cdc20 complex allows anaphase to proceed and removed molecuIar 

barriers to mitotic exit. 

After APC-Cdc20 has degraded its target substrates, Cdc20 either dissociates 

from the APC compIex or is degraded, and Hctl then binds (Pnnz et al., 1998; Zachariae 

et al., 1998b; Fang et ai., 1998). The Hctl-APC complex has a different substrate 

specificity than the Cdc20-APC complex and catalyzes the degradation of Clb2 and 

Ase 1, a cytokinesis inhibitor (Figure 4). Ase 1 encodes a yeast nonmotor rnicrotubule- 

binding protein (MAP) that localizes to the anaphase spindle midzone where spindle 

fibres frorn opposite poles overlap (Pellrnan et al., 1995). Due to its Iocalization, it is 

hypothesized that Asel may have a role in maintaining the interaction between the two 

haIf-spindles and therefore that its degradation is required for spindle disassembly during 

telophase (Juang et al., 1997). 

Tt is Cdc20 and Hctl that confer the D-box requirement on the M C  (Fang et al., 

1998). The ubiquitination activity of Cdc20-associated APC is specific for substrates 

containing a D-box, as judged by ubiquitination assays on a cyclin B protein with a 

mutant D-box (Fang et al., 1998). In addition, al1 known Cdc20-APC substrates contain a 

D-box. In contrat,  Hctl-associated APC has a more relaxed D-box specificity, 
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Figure 4. Model for Hctl activitJ 
the ceii cycle in S. cerevisiae. 
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being able to support the ubiquitination of the mutant D-box cyclin B protein, although 

not as well as compared to wild-type cyclin B. Hctl-APC is not, however, randomly 

permissive in ubiquitination for any given protein; none of a large number of proteins 

from random cDNA clones was an Hctl-APC substrate (Fang et al, 1998). Human 

Cdc20, which lacks a D-box, is recognized by Hctl-APC and it is thought that Cdc20 is 

an Hctl-APC substrate (Prinz et al., 1998; Shirayama et al., 1998)- Recent work has 

identified a new recognition signal of seven arnino acids termed the KEN box (Pfleger 

and Kirschner, 2000) present in human Cdc20 and severai other proteins. The KEN box 

marks proteins for ubiquitination by Hctl-APC and Iike the D-box is transposable to 

other proteins. Therefore, while the activity of Cdc20-APC is strictly specific to proteins 

containing a D-box, Hctl-APC appears to have affinity for a more diverse set of 

substrates. 

Cdc20 and Hctl also differ in how their activities are regulated during the ce11 

cycle. Cdc20 protein levels are ce11 cycle regulated, being absent during G1 and S phase 

and then accumulating through G2, finally peaking during mitosis and then abruptly 

disappearing (Pnnz et al., 1998). Half-life rneasurernents indicate that Cdc20 is unstable 

throughout the ce11 cycle but is particularly unstable in late mitosis in G 1. Additionally, 

Cdc20 instability is dependent on an active APC (Prinz et al., 1998), which can be 

explained by the fact that Cdc20 is itself an APC substrate (Shirayama, 1998). HctI 

levels, on the other hand, are constant throughout the ceIl cycle. However, it was noted 

tliat the migration of Hctl protein on SDS-PAGE gels varies during the ce11 cycle, with 

Hct 1 protein from G 1 cells migrating faster than Hct 1 protein obtained from mitotic cells 

(Prinz et al., 1998). This differential migration was later shown to be due to multiple 



Cdk 1 -dependent phosphorylations of Hct 1 which block the Hct 1 -APC interaction 

(Zachariae et aI., 1998b; Jaspersen et al., 1999). Hct l is phosphorylated throughout most 

of the ce11 cycle, from late G1 until anaphase, and is not associated with the APC during 

this time. The Hct 1-APC interaction occurs only during a time of Iow Cdkl activity, and 

dissociation of Hctl from the APC correlates with appearance of Clb5-Cdkl activity 

(Zachariae et al., 1998b). This suggests that in G1, Hctl is inactivated by Clb5-Cdkl and 

dissociates from the APC. Once established, Cdkl activity can be maintained by cyclins 

such as Clb2 that are substrates for Hct 1-dependent proteolysis (Figure 5). 

If Hctl is held in a phosphorylated, inhibited state during most of the ce11 cycle, it 

is reasonable to assume that a phosphatase would exist to activate Hctl at the end of 

anaphase so that exit from mitosis can occur. In budding yeast, it is the Cdcl4  

phosphatase which dephosphorylates Hct 1 and triggers mitotic exit (Visintin et al., 1998; 

Jaspersen et al., 1999; Visintin et ai., 1999). In addition to dephosphorylating Hctl, 

Cdc 14 performs two other important functions in promoting exit from rnitosis. Cdc 14 

dephosphorylates and stabilizes the Cdk-inhibitor Sic 1 (Verma et al., 1997; Visintin et 

al., 1998) which had been made unstable by Cdc28 phosphorylation. In addition, Cdc 14 

dephosphorylates SwiS, which activates the transcription of Sicl (Toyn et al., 1996; 

Visintin et al., 1998). When Swi5 is phosphorylated by Cdc28-dependent kinases, it is 

retained in the cytoplasrn and cannot activate target genes (Mol1 et al., 199 1). Therefore, 

at the end of rnitosis, Cdc 14 reverses the inhibitory effects of Cdc28 action on Sic 1, Swi5 

and Hctl, initiating Clb proteolysis and Sic1 accumulation, both of which abolish Cdk 

activity. 
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Figure 5. Mode1 for APC activity during the cell cycle in S. cerevisiae. 



Cdc l4  activity is also regulated, not by phosphorylation but rather by localization. 

Throughout most of the cell cycle, Cdc14 is sequestered in the nucleolus, anchored by the 

Cfil protein (Visintin et ai., 1999). After the start of nuclear division, Cdc14 is released 

from Cfi I and spreads through the nucleus and cytoplasm. The process of Cdcl4 release 

appears to be controlled by a signaling pathway involving Ltel, a putative guanine 

nucleotide exchange factor (Shirayama et ai., 1994a), activating Teml, a GTP-binding 

protein (Shirayama et al., 1994b), which subsequently acts upon a nucleolar protein 

compfex that rnay itself be regulated by Cdc14 in a negative feedback loop (Shou et aI,, 

1999). Finally, in yet another remarkabIe example of the intricate relationships between 

ce11 cycle players, it appears that the degradation of Pds 1 by Cdc20-APC is also required 

for nucleolar Cdc 14 release by a yet undetermined mechanism (Cohen-Fix and Koshland, 

1999; Tinker-Kulberg and Morgan, 1999; S hirayama et al-, 1999). 

The Endocvcle 

As described in the previous section, the eukaryotic ce11 cycle is driven by a 

characteristic pattern of activation, inhibition and proteolysis of a nurnber of proteins and 

protein cornpIexes, The end result is the precise segregation of repiicated genomic DNA 

to two new daughter cells. In order that diploidy be maintained through successive 

generations, there exists, by definition, a necessary interdependence of mitosis and DNA 

synthesis. In certain cases, however, DNA re-replication occurs in the absence of 

intervening mitoses, a process known as endoreduplication (Varmuza e t  al., 1988; Smith 



and Orr-Weaver, 199 1). This altemate form of ceIl cycle, which occurs in a wide variety 

of embryonic and aduk ce11 types, represents an uncoupling of normal ce11 cycle 

checkpoint mechanisms. Notably, the replation or activity of severd ce11 cycle proteins 

is altered so that endoreduplication can occur, 

The Endocycle in Drosophila 

The control of the endocycle has been best studied in Drosophila (Ou-Weaver, 

1994; Edgar, 1995; Edgar and Lehner, 1996; Lehner and Lane, 1997). During 

Drosophila development, endocycles occur in a precise temporal and spatial pattern 

(Smith and Orr-Weaver, 1991). Endoreduplication occurs as part of the normal 

developmental program in several Drosophila tissues, one famous example being the 

prospective salivaq glands. These cells stop dividing after mitosis 15. The final division 

is followed by an immediate entry into S phase 16, but this S phase is not followed by 

mitosis (Smith and Orr-Weaver, 199 1). 

Mitotic cyclins are no longer detectabIe in the salivaryglands before entry into 

the first endoreduplicaton S phase, consistent with the observation that neither cyclin A 

or cyclin B are required for endoreduplication. Cyclin E, on the other hand, has been 

found to play a very important role, being the only cyclin functioning in 

endoreduplicating ce&, where it associates with Cdk2 (Knoblich et al., 1994; Sauer et al., 

1995). Pulses of cyclin E expression drive endocycle S-phases (Lilly and Spradling, 

1996) but continuous cyclin E expression inhibits progression through endoreduplication 

cycles in Drosophila (Weiss et al., 1998; Follette et al., 1998), indicating that cyclin 



ElCdk2 needs to be temporarily inactivated to allow a subsequent round of 

endoreduplication. During mitotic ce11 cycles, the absence of Cdk activity allows the 

assembly of replication ongins dunng G1. Once Cdk activity appears at GUS, the 

assembled origins of replication can fire, and cannot reassemble until the G2 cyclins 

(specifically cyclin A) are degraded during mitosis. In endocycles, fluctuations in Cdk 

activity cause a similar cycle of replication origin assembly, firing, and prevention of re- 

assembly, but with G2 cyclins not being expressed at all, the prevention of origin re- 

assembly is carried out soIely by fluctuating cyclin E-associated kinase activity. 

However, the mechanism by which cyclin E andor cyclin E/Cdk2 activity is regulated 

during the Drosophila endocycle is not understood. 

The precise timing of the onset of endoreduplication suggests that the transition 

from mitotic cycles to endocycles is tightly regulated. However, only a few genes have 

been implicated in the maintenance of diploidy. Escargot mutants show abnormal 

development in which imagina1 disc ceIls, which normally undergo rnitosis, go through 

endoreduplication instead (Hayashi et al., 1993). Additionally, ectopic expression of 

escargot suppresses normal endoreduplication in the salivary glands (Fuse et al., 1994). 

Escargot encodes a zinc-finger transcription factor with high-affinity for E-box DNA 

sequences, which are also the binding si tes for the basic-helix-loop-helix (bHLH) family 

of transcription factors (Hayashi et al., 1993). Escargot has been demonstrated to be a 

transcriptional repressor via cornpetition for E-box sequences (Fuse et al., 1994), and 

therefore may be involved in transcriptional inhibition of genes required for 

endoreduplication. Although its target genes are unknown, it is known that cyclin A 

expression in escargot mutants is lost in cells that go on to endoreduplicate (Hayashi, 



1996). Since escargot appears to be a transcriptionai repressor, its effect on cyclin A 

expression is presurnably indirect. However, the observation that cyclin A accumulation 

is dependent on escargot activity rnakes sense since escargot appears to inhibit 

endoreduplication and cyclin A downregulation is a feature of entry into the endocycle. 

The Drosophila rnyb transcription factor also appears to be involved in 

maintaining diploidy. Analysis of the normally mitotic pupal wing cells of rnyb mutants 

showed that they had undergone endoreduplication (Katzen et al., 1998). Consistent with 

a role for rnyb in inhibiting endoreduplication, myb is not expressed at detectable levels in 

normally polyploid tissues (Katzen and Bishop, 1996). As with escargot, evidence exists 

for genetic interaction between myb and cyclin A (Katzen et al., 1998). 

The Endocycle in Trophoblast Giant Cells 

As described earlier, a characteristic feature of trophoblast giant ce11 

differentiation is the transition from mitotic cycles to endocycles. The effect of these 

successive rounds of DNA synthesis in the absence of intervening mitoses is that the cells 

swell with DNA and enlarge, acquiring a charactenstic "giant" ce11 morphology. Both 

mural trophectoderm and later derivatives of polar trophectoderm are transformed into 

giant cells, which have DNA contents up to 1000 times the haploid content (Varmuza et  

al., 1988; Zybina, 1996). A nurnber of transcription factors have been demonstrated to 

either promote or inhibit the transition to the endocycle in trophoblast giant cells and 

have been discussed previously. In this section, the biochemical features of the giant ce11 

endocycle are described. The information has been obtained from the study of a rat 



trophoblast ce11 line, Rcho- 1 (Faria and Soares, 1991; Cross et al., 1995). Under 

appropriate conditions, Rcho-1 cells undergo a transition from proliferating stem cells to 

post-mitotic endoreduplicating giant cells (Figure 6) .  Differentiated Rcho- 1 cells express 

several rnarkers charactenstic of differentiated trophoblast giant cells such as the 

previously described PU, Handl, MMP9 and al integn-n genes (MacAuley et al., 1998). 

In addition, an early event in Rcho-1 differentiation is a change in ce11 adhesiveness, such 

that a brief trypsinization allows removal of the proliferating stem cells and leaves a 

highly purified and synchronous population of cells committed to the giant ce11 fate 

(Cross et al., 1995; MacAuley et al., 1998). 

Fluorimetric analysis of comrnitted cells at day O (the day of trypsinization) 

showed that the cells had G2 DNA content (MacAuley et al., 1998). In addition, cyclin B 

protein was detectable at day O and day 1, disappearing by day 2, the end of the first 

endocycle. Taken together, these data imply that the transition to the endocycle in Rcho- 

1 cells occurs during G2 of the last mitotic cycle. The persistence of cyclin B protein was 

initially puzzling, since it would rnean that the cells should be entering mitosis. Cdkl, 

the kinase which associates with cyclin B to drive mitosis, was also expressed duting 

Rcho-1 differentiation. It turns out that although both cyclin B and Cdkl are expressed 

during the first endocycle, they fail to stably associate (MacAuley et aI., 1998). The 

mechanism behind the inability to form a stable cyclin B/Cdkl complex is unknown. 

With Rcho-1 giant ceIl differentiation, several checkpoint functions were 

observed to be altered. These included the acquisition of serum independence, 

insensitivity to DNA damaging agents, and switching of cyclin D isoform expression 

from D3 to D l  (MacAuiey et al., 1998). The initiation of S-phase during endocycles 
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Figure 6. Morphology and DNA content of Rcho-1 ceb. Proliferating stem ceh  are 
trypsinized at day O and washed, leaving trypsin-resistant cells that are committed 
to giant ce1 differentiation. With time, they endoreduplicate, increase DNA content, 
and acquire a characteristic enlarged and flattened morphology. Figure courtesy of 
J. Cross. 



appeared to involve cycles of synthesis of cyclin E and then cyclin A, and termination of 

S was associated with abrupt Ioss of these cyclins. Both cyclins were absent from gap 

phase cells, suggesting that their degradation may be necessary to allow re-initiation of 

the endocycle. Comparison of the kinase activities associated with cyclins A and E 

between proliferating stem ceIls and early giant cells shows that their activities are 

reduced; changes that could not be explained by either the expression levels of Cdkl/2 or 

cyclins AfE (MacAuley et al., 1998). 

The data presented above outline a mode1 for the transition to the endocycle in 

Rcho-1 cells. When cornmitment to giant ce11 differentiation is made, Rcho-1 ceIls 

institute a program which prevents mitosis by inhibiting cyclin B/Cdkl activity and 

therefore arresting the cells in G2, Subsequently, cyclin EKdk2 and cyclin A/Cdk2 

activities are activated and DNA synthesis is initiated. At the end of the first endocycle S 

phase, cyclins A, E and B are degraded. Similar to the mitotic ce11 cycle, the degradation 

of cyclins presumably allows the reactivation of replication origins. Expression of cyclin 

E is activated first, with the initiation of DNA synthesis and cyclin A expression 

occurring later. Once again, after the completion of DNA synthesis, cyclin A and E are 

degraded, leading to a gap phase and the reinitiation of the next S-phase (Figure 7). The 

model for Rcho- 1 ce11 endocycle differs sornewhat from the Drosophila model described 

earlier, where entry into each endocycle is driven by a new wave of cyclin E expression 

in the absence of both cyclin A and cyclin B. However, both models share a necessity for 

a penod of reduced Cdk activity between S-phases and a suppression of B-type Cdk 

activity to prevent mitosis. 



Mitotic Cvcle 

Transition 
Endocycle 

Endocycle 

\ Handf 

Figure 7. Summary of regulatory changes during the transition €rom the mitotic to 

the endoredupücative ceiï cycle in Rcho-1 celis. Figure courtesy of I. Cross. 



Other genes have been shown to regdate the endocycle in Rcho-1 cells. The murine 

homolog of the Drosophila snaiVescargot genes, mSna, is expressed in the ectoplacental 

cone and spongiotrophoblast and is downregulated coincident with trophoblast giant ceII 

differentiation (Nakayama et al., 1988). Multi-alignment/evolutionary tree analysis 

shows that mSna is more related to Drosophila escargot than snail, Like escargot in 

Drosophila, mSna appears to inhibit the transition to endoreduplication in Rcho-1 cells. 

Transfection of proliferating Rcho-1 stem ceIls with a vector overexpressing mSna is 

sufficient to block giant ce11 differentiation and dso causes an increase in cyclin A and B 

mRNA levels, implying actions during G2 (Nakayarna et al., 1998). Like escargot, mSna 

can repress transcription by cornpetitive binding to E-box sequences and therefore its 

effect on cyclin Ievels is presumably indirect. Similar transfection experiments have 

demonstrated a role for Handl in promoting giant celf differentiation and for Id-1 in 

inhibiting giant ce11 differentiation (Cross et aI., 1995). 

The observation that the activities of cycIin A- and E-associated kinase activities 

did not correlate with cyclin or Cdk expression led to the possibility that Cdk inhibitors 

may be involved in modulating cyclifldk activity durinp the endocycle. The p21 class 

of Cdk inhibitors include p2 lCip',  P27Kip1 and p57Kip' and they al1 inhibit cyclin A- and E- 

associated Cdks (Harper et al., 1993; Toyoshima and Hunter, 1994; Lee et al., 1995). 

Within the p21 family, only ~ 5 7 ~ ' ~ '  is expressed in trophoblast giant cells and, 

interestingly, is not expressed in giant ce11 precursors in the ectoplacental cone (Hattori et 

al., 2000). This finding is paradoxicai, since ~ 5 7 ~ ' ~ '  is a Gl/S Cdk-inhibitor yet the 

endocycle, by definition, is a repetition of GUS phases. Further experiments showed that 



p57Kip2 protein levels fluctuate during the endocycle, accurnulating only at the end of S- 

phase and then rapidly disappearing a few hours before the onset of the next S-phase 

(Hattot-i e t  al., 2000). The fluctuating p57GP' levels correlate inversely with the levels of 

cyclin A- and E-associated Cdk activities observed during the Rcho- 1 endocycle 

(MacAuley et al., 1998; Hatton et al., 2000). This differential p57"P2 protein expression 

is due to phase-dependent protein instability. The protein becomes constitutively 

stabiIized by mutation of a C-terminal Cdk phosphorylation site. When transfected into 

Rcho-L giant cells, this stable mutant form causes a block in endocycle progression 

(Hattorî e t  al., 2000). Thus, cyclic ~ 5 7 " ~ '  expression provides a potential mechanism for 

modulating cyclin E/Cdk activity during the endocycle. Its fluctuating levels create two 

distinct gap phases: a G1-like phase during which p57Kip' levels drop and stay low in 

advance of S-phase, foliowed by a G2-like phase where p57KiP' accumulates upon 

completion of DNA replication. 

F w  and Fkq-ReZuted Genes 

In both Drosophila and trophoblast giant ceIl endocycles, a common feature is 

the downregulation of mitotic cyclinkdk activity which prevents mitosis from occurring 

between intervening S-phases. As described earIier, the APC, bound to either Cdc20 or 

Hct 1, is responsible for targeting mitotic proteins for ubiquitin-mediated proteolysis. 

Drosophitcr and vertebrate homologs of Cdc20 and Hctl exist and are described below. 

Like their yeast counterparts, Fizzy (Cdc20) and Fizzy-reIated (Hctl) bind to the APC 



and target mitotic cyclins for degradation. In addition, fiuy-reluted appears to be 

necessary for the transition to the endocycle in Drosophila salivary glands and ,out cells. 

Fizzy Function During Development and the Ce11 Cycle 

Thefizzy (fiy) locus was originally identified in a screen for recessive embryonic 

lethal mutations which affect the cuticular pattern (Nusslein-Volhard et al., 1984). A 

more recent phenotypic characterization indicated that al1 mitotically proliferating cells in 

embryos hornozygous forfZy nul1 alleles arrest in mitosis after exhaustion of the materna1 

fq contribution, which is deposited in the egg during oogenesis (Dawson et al., 1993). 

Anaiysis of the mitotic spindles present in f iy  mutants indicated an arrest at metaphase 

(Sigrkt et al., 1995)- implying that f iy is required for sister chromatid separation and the 

metaphase-to-anaphase transition. Immunohistochernistry also indicated an accumulation 

of mitotic cyclins A, B and B3 in fzy  mutants (Sigrist e t  al., 1995). To investigate 

whether the failure of fiy mutants to exit metaphase is due solely to cyclin persistence 

and consequent ectopic Cdk activity, the effect of inactivating cdc2 in a fiy mutant was 

tested. When the fzy mutation was crossed into a background with a temperature- 

sensitive cdc2 kinase, a reversion to interphase was seen at the restrictive temperature 

(Sigrkt et al., 1995). However, the reversion was not accompanied by a completion of 

rnitosis nor an accompanying increase in the number of anaphase cells. 

Given that Fzy was found to be the Drosophila homolog of Cdc2O (Dawson et al., 

1995), these results can be explained by the knowledge that Cdc20, in association with 

the APC, targets the degradation of both the mitotic cyclin Clb5 and the anaphase 



inhibitor Pdsl. Although not confirmed biochemically, a similar situation may be 

occumng with Drosophila mitotic cyclins and anaphase inhibitors- Indeed, a number of 

experiments with Xenopus, rat and human Cdc20 have shown that the vertebrate proteins 

are ce11 cycle regulated, interact with the APC, and target mitotic substrates for 

degradation (Weinstein, 1997; Kallio et al., f 998; Lorca et al., 1998, Fang et al,, 1998)- 

Fizy-related and the Endocycle 

Previously, genes such as Drosophila escargot and murine snûil (mSna) were 

described which appear to inhibit the transition to the endocycle in fly salivary glands and 

trophoblast Rcho-1 cells. In contrast to these genes, the fizzy-related Vzr) gene in 

Drosophila appears to be required for ce11 proliferation arrest and entry into endocycles. 

Unlike fiy, whose expression is tightly correlated with mitotic ce11 proliferation during 

embryogenesis (Dawson et al., 1995), fzr expression is observed in tissues during the 

stages when cells become post-mitotic, anticipating the pattern of endoreduplication 

which occurs in the midgut and salivary gland cells (Signst et al., 1997). fzr mutants 

display several interesting phenotypes. First, epidermal cells progress through an extra 

division cycle instead of norrnally arresting in G1 after their terminal mitosis (Sigrist et 

al., 1997). Moreover, endoreduplication failed to occur in tissues such as the salivary 

glands, which normally endocycle as part of their developmental program. Finally, fir 

embryos showed an extensive accumulation of mitotic cyclins A, B and B3. These data 

suggest that fzr is required for suppression of mitotic cyclin accumulation and entry into 

endoreduplication. Additional support for this idea is provided by experiments with 



ectopic fit- expression frorn heat-shock promoters and UAS-fzr transgenes, which 

suppress cyclin accumulation, restore endoreduplication, and even transforrn rnitotic 

cycles to endocycIes in the imagina1 disc ce1Is (Sigrist et al., 1997). Analysis of fzr& 

double mutants show that the two genes are functionaily distinct, withjiy being required 

for cyclin downregulation during mitosis andfir required during mitotic exit (Sigrist et 

al., 1997)- It was also observed that simultaneous UAS-directed expression of cyclin E 

and Fzr suppressed cyclin disappearance, suggesting that cyclin EIcdk2 may inhibit Fzr 

activity (Sigrist et al., 1997). 

As with Cdc20/Fizzy, a knowledge of the yeast biochemistry can explain these 

observations. Hct l/Fizzy-related associates with the APC after dissociation of 

Cdc2O/Fizzy to trigger degradation of CIb2 and Asel, promoting exit from mitosis and 

maintaining low Cdk activity until late G 1. Therefore, as in yeast, fluy-related promotes 

mitotic exit in Drosophila, but in this case is specialized and required during Drosophila 

embryogenesis to do so in tissues that are about to endoreduplicate. As suggested by 

Zachariae (Zachariae et al., f 998b), cycIin E/CdkZ in Drosophih may be performing the 

same roIe as Clb5Kdc28 in yeast, namely, the phosphorylation and inactivation of 

Hct I/fizzy-related in G 1. 

Given the role of fizzy-related in prornoting mitotic exit in Drosophila during 

transition to the endocycle, and coupled with Iater data describing its yeast homolog Hct 1 

as a factor which associates with the APC and promotes mitotic exit, we hypothesized 

that a munnefizzy-related homotog may play a roIe in promoting the transition to the 

endocycle in trophoblast giant cells, likely through the modulation of mitotic cyclin 

levels. My thesis studies had several goals: first, upon identification of murine fizzy- 



related gene(s), to determine the expression pattern in murine placentas and Rcho-1 cells, 

where endoreduplication normally occurs. Second, to determine the role, if any, that 

mammalian fizzy-related plays in promoting mitotic exit and the transition to the 

endocycle- 



CHAF'TER W O  

THE ROLE OF MURINE FIZZY-RELATED PROTEIN IN THE TROPHOBLAST 

GIANT CELL ENDOCYCLE 

Attribution of data: ail experiments descnbed in this chapter were performed by the 

author with the exception of the cryosectioning of E8.5 placentae shown in Figure 12, 

which was kindly performed by Nikolina Dobric. 



The trophoblast lineage is the first to differentiate during development of the early 

mammalian embryo and is critical for intrauterine survivai. In early development, the 

outer monolayer of the blastocyst becomes the trophoectoderm, which allows 

implantation of the blastocyst to the uterus. Trophoblast cells also function in nutrient 

transport and secretion of hormones and other proteins. A remarkabIe feature of 

trophoblast differentiation is endoreduplication, where celIs undergo successive rounds of 

DNA synthesis in the absence of mitosis. This process causes trophoblast cells to enlarge 

and acquire a characteristic "giant cell" morphology. 

Endoreduplicating giant cells arise from proliferating, mitotic precursors. The 

rnitotic cell cycIe is driven by the actions of distinct cycIin/cyclin-dependent kincase (Cdk) 

complexes, which act to phosphorylate target proteins and activate numerous ce11 

processes (Roberts, 1999). For example, in higher eukaryotes, D-type cyclins associate 

with several Cdks to promote progression through G1 (Sherr, 1993). Complexes of 

cyclin E and A with cdk2 are essential for entry into and progression through S, whereas 

complexes of cyclin A and B with cdkl are required for entry into mitosis (Sherr, 1993). 

In order to allow the next phase to occur, proteins promoting the current phase must be 

degraded. During mitosis, the anaphase-promoting complex (APC), targets substrates for 

degradation via ubiquitin-rnediated proteolysis (Koepp et al., 1999). Substrate-specificity 

and the accurate timing and order of degradation is accomplished by the regulated 

association of APC with the WD-repeat proteins Cdc20/Fizzy and Hct l/Fizzy-related 

(Fang et al., 1999). APC-Cdc20 promotes the degradation of target substrates until 



anaphase; Cdc20 then dissociates from the APC, Hct l  binds, and the new cornplex 

t q e t s  a different set of substrates for degradation from anaphase through to G1 (Fang et 

al-, 1999). 

During endoreduplication, however, the situation is different. In Drosophila, 

cyclin E is the only functioning cyclin, associating with Cdk2 (Knoblich et  al., Sauer et  

al., 1995). Pulses of cyclin E expression drive endocycle S-phases and cyclin E is 

believed to be the primary regulator of endocycle progression (Lilly and Spradling, 

1996). In marnrnals, endoreduplication has been extensively studied in trophoblast giant 

cells using Rcho-1 cells, which differentiate in ce11 culture to fonn endoreduplicating 

giant ceIIs (Faria and Soares, 1991; Cross e t  al., 1995). The transition to 

endoreduplication in Rcho-1 cells occurs during G2 of the last mitotic cycle, and rnitosis 

is prevented through the inhibition of cyclin B k d k l  activity (MacAuley et  al., 1998). 

Subsequently, cyclin E/Cdk2 and cycIin A/Cdk2 activities are activated, initiating DNA 

synthesis. Several genes have been shown to regda te  the endocycle in Drosophila. 

fizzy-relnted mutants show an accumulation of  mitotic cyclins and a failure of 

endoreduplication, indicating a requirement for f im-rela ted in promoting the transition 

to the endocycle in Drosophila (Sigrist e t  al., 1997). This work was undertaken to 

determine whether a mammalian hornolog of f i a - r e l a t e d  had a similar function in 

trophobIast giant cells. 



Materials and Methods 

Cloning of Fzr 

The NCBI mouse EST database was quened using the full-length Xenupus laevisfizzy- 

relatcrd sequence. Multiple ESTs were identified that shared significant sequence 

similarity with Xenopusfiuy-related. CLUSTAL alignments were then perfomed and 

composite full-lene& mousefiuy ( F q )  and mouse fizzy-related (Fzr) were constructed. 

Four F u  ESTs cloned in pBluescnpt (SK-) (Stratagene) were obtained and subjected to 

restriction analysis. One clone contained a 2.4 kb cDNA (GenBank accession no. 

AA140387). Sequencing of the ends of the clone indicated that the clone contained the 

entire Fzr coding region. 

RNA isolation and Northern blot hybridization 

Ce11 pellets from proiiferating or differentiated Rcho-l cells were suspended in 4 M 

guanidinium isothiocyanate, 25 rnM sodium citrate pH 7.0,0.5% laurylsarcosine and 0. I 

M B-mercaptoethanol. RNA was extracted using a phenol:chloroforrn:isoamyl alcohol 

extraction and precipitated with an equal volume of isopropanol (Sambrook et al., 1988). 

RNA concentration was calculated from the absorption at 260 nm, and 10 pg from each 

sampIe were fractionated on a 1.2% agarose-morpholinepropanesulfonic acid 

(MOPS)/formaldehyde gel. The RNA was transferred to a nylon membrane (GeneScreen 

Plus; DuPont New England Nuclear) by capillary blotting and fixed by UV cross-linking. 

The membrane was then hybridized to a EcoRI-XhoI [cx-~'P]~CTP (Amersharn) probe 

from the above mentioned EST clone Iabeled by random-prirning. Hybridization was 



performed at 42 OC in 5X SSC followed by washing at 1X S S C  with 0.1% SDS at 60 "C 

(Sambrook et al., 1988). The blot was then exposed to a phosphor screen and the 

intensity of the signals was quantified using ImageQuant software of the Storm 860 

sy stem (Molecular Dynarnics)- 

Whole-mount in situ hybridization 

Whole-mount in situ hybridization was performed using probes specific for PI1 (Jackson 

et al., 1986), Handl (Cross et al., 1995) and Fzr genes on E8.5 decidual swellings and 

E 1 O S  placentae. Decidual swellings were split longitudinally from the mesometrial to 

the antimesometrial end. The embryo and yolk sac were removed, leaving the 

ectoplacental cone, chorion and trophoblast giant ceIl layer intact. E10.5 placentae were 

also split longitudinally through the centre into two halves to reveal the ce11 layers. 

Digoxigenin-labeled cRNA probes were prepared using digoxigenin labeling mix from 

Boerhinger-Mannheim and detected using an anti-digoxigenin-alkaline phosphatase 

conjugate. The protocol was carried out as previously described (Conlon and Rossant, 

1992). 

ImmunoIocalization of myc-tagged Fzr 

A myc-tagged version of Fzr was constmcted by cloning a NcoVXbaI fragment from the 

full-length cDNA, (the NcoI site encompassing the ATG start codon) into the expression 

vector pEFpLINK (supplied by R. Marais, Marais et. al., 1995). This cloning step 

created a vector with an N-terminal myc-tag in-frarne with Fzr. Transfection into Rcho- 1 

stem and day O giant cells along with a pp-ActinLacZ reporter plasmid (Cross et al., 



1995) is described below. Cells were fixed in 4% paraformaldehyde 24 hours post- 

transfection, permeabilized with methanol, incubated in PBS containing 5% fetaI bovine 

serum for 1 hour at room temperature and then exposed to both an anti-myc antibody 

( 1 50 dilution; Santa Cruz) and an anti-B-galactosidase antibody (1 : 1000 dilution, 

Cappell) for 1 hour at room temperature. Cells were incubated with anti-mouse 

fluorescein isothiocyanate and anti-rabbit tetramethyl rhodamine isothiocyanate (150 

dilution; Sigma) secondary antibodies for 1 hour at room temperature, stained with 

bisbenzimide (1: 1000 dilution, Sigma) and examined by fluorescence rnicroscopy. 

Plasmids 

Expression vectors were constnicted using standard molecular biology techniques 

(Sarnbrook et al., 1988). An expression vector containing full-length Fzr was constructed 

by ligating an EcoEWApnI fragment from the full-length cDNA into pcDNA3 

(Invitrogen). An anti-sense Fzr expression vector was constructed by ligating an 

EcoRVBamHI fra,gnent from the full-lena& cDNA into pcDNA3. 

Ce11 culture and transfection 

Rcho-1 cells (Faria and Soares, 1991) were cultured in NCTC-135 medium (Sigma) 

supplemented with 20% fetai bovine serum, 50 pM P-mercaptoethanol and ImM sodium 

pyruvate as previously described (Cross et. al., 1995; MacAuley et al., 1998; Nakayama 

et al., 1998). Two days after plating trypsin-sensitive stem cells at a 1:6 dilution, the 

cultures reached confluency and were passaged by retrypsinization. Cells not removed 

by the trypsin treatrnent were committed to the giant ce11 fate and are referred to as "day 



O" giant cells (Cross et  al., 1995; MacAuley et al., 1998). Giant cells were cultured in 

supplemented NCTC-135 media of the sarne composition as stem cells (Cross et al., 

1995; MacAuley et al., 1998). 

Rcho- 1 cells were transiently transfected using LipofectAMINE PLUS (Life 

Technologies) according to the manufacturer's instructions 5 hr after plating. 200 ng of 

pp-ActinLacZ and 800 ng of expression vector were used per 35 mm well. Cells were 

fixed 48 hrs posttransfection and stained with X-gal for P-galactosidase activity 

(Sambrook et al,, 1989). Giant ce11 differentiation was scored as the percentage of cells 

which had assumed a charactenstic trophoblast giant ce11 morphology of enlarged nuclei 

and flattened ce11 shape. For proliferation assays, the number of cells per cluster of blue- 

staining cells, assumed to have arisen from the pro!iferation of a single transfected cell, 

was counted- 

Immunofluorescence 

Rcho- 1 cells were transfected with LipofectAMXNE PLUS (Life Technologies) as 

descnbed above. Cells were fixed in 4% paraformaldehyde 24 hrs post-transfection, 

permeabilized with methanol, incubated in PBS containing 5% fetal bovine serum for 1 

hr at roorn temperature and then exposed to both an anti-cyclin B 1 antibody (1 :SO 

dilution; Phmingen)  and an anti-P-galactosidase antibody (1: 1000 dilution, Cappeli) for 

1 hr at roorn temperature. Cells were incubated with anti-mouse fluorescein 

isothiocyanate and anti-rabbit tetramethyl rhodamine isothiocyanate (150 dilution; 

Sigma) secondary antibodies for 1 hr at room temperature, stained with bisbenzimide 

( 1 : 1000 dilution, Sigma) and examined by fluorescence microscopy . 



Gene Targeting 

A murine 129Sv strain genomic library was screened at 50% formamide using the 

EcoRVXhoI Fzr cDNA probe described earlier. Six hybridizing phage clones were 

identified and purified, and extensive restriction mapping and Southern blot hybridization 

was perforrned. The targeting vector was generated by ligating a 5' arm (9.8 kb NotI/SalI 

fragment containing a 3.3 kb Lac2 reporter gene) and 3' arm (2.5 kb BamHYKpnI 

fragment) flanking the neomycin resistance cassette in the vector pPNTloxP (Shalaby et 

al., 1995). Correct targeting would result in deletion of the entire coding region and 

replacement with an in-frame Lac2 gene at the Fzr start codon (Figure 16). The construct 

was linearized by digestion with NotI. R1 ES cells were electroporated, subjected to 

positive-negative selection with G418 and gangcyclovir and screened by Southem blot 

anaiysis (Wurst and Joyner, 1993). ES ce11 clones were screened for homologous 

recombination events with a 3' flanking probe which yields an 8 kb wild-type band and a 

6 kb mutant band. 



Identification of murine Pzr 

In order to obtain a murinefizzy-related sequence, the NCBI mouse EST database was 

queried with full-length Xenopus Zaevisfi~-related. Multiple ESTs were identified that 

shared significant sequence homology with Xenopus fizzy-related- CLUSTAL 

alignments of over fifty ESTs resulted in the identification of one rnurïnefizzy homolog 

and one murinefizzy-related homolog. Sequencing of several EST clones was perfomed 

to identiQ a full-Iength Fzr clone and complete t h e  full-length sequence not covered by 

known EST sequence. 

The sequence of the murine Fzr cDNA predlicted an open reading frame encoding 

a 484-amino acid WD-repeat protein (Neer et al., 1994). Like Fzr proteins from Xenopus 

and Drosophila (Sigrist et al., 1997), murine Fzr contains seven highly conserved C- 

terminal WD-repeats which span nearly two-thirds (of the protein (Figure 8) .  Fzr proteins 

are highly conserved overall, with rnouse Fzr sharing 96% sequence identity with 

Xenopus Fzr and 69% identity with Drosophila Fzrr, In addition to the WD repeats, Fzr 

proteins share four conserved N-terminal regions cof yet undetermined function. These 

areas are not the same as the conserved N-terminal regions of Fzy genes, and therefore 

are likely to be required for some Fzr-specific activiity. 

F u  is expressed in the developing placenta 

As a first step in determining a role for Fzr En the trophoblast giant ceIl endocycle, 

Fzr expression in proliferating and differentiated Rcho- 1 cells was examined by Northern 



Figure 8. Sequence alignment of Fzr with Fizy-related and f i i zy  proteins. 

Amino acid sequence alignment of murine Fzr and Fzy with fizzy-reiated and fizzy 

proteins from Xenopus and Drosophila. WD-repeat region is in green. Consewed motifs 

between fizzy-related and fizzy are in blue and red, respectively. X1, Xenopus laveis; 

Dm, Drosophila melanogister; m, Mus musculus. Aiignment was generated using 

CLUSTAL. "+" indicates sarne amino acid among al1 six proteins. "-" indicates same 

amino acid among four or five proteins. 
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blot, RNA from proliferating stem cells, as well as from differentiated giant cells from 

day O to day 6 ,  was probed with a Fzr cDNA probe. Fzr mRNA transcripts were not 

detectable in proliferating Rcho-1 stem ceIIs, but rather appeared to be induced at day 0, 

the onset of Rcho 1-differentiation (Figure 9). Furthermore, Fzr expression was not 

constant but appeared to be regulated during the endocycle, becorning undetectable at day 

2, the end of the first endocycle. Fzr expression then reappeared at day 3 and continued 

for  the rest of the observed time period. Rcho-1 giant cells, although initially 

synchronous, lose their synchrony as differentiation proceeds (MacAuley et  al., 1998), so 

it was not possible to observe cyclic fluctuations in Fzr expression at later tirnepoints. 

To observe Fzr rnRNA expression in the placenta, whole-mount RNA in-situ 

hybridization was performed on E8.5 and E10.5 placentae. In the E8.5 placenta, strong 

Fzr mRNA expression is seen in the chorion (Figure LO). Weak but still detectable Fzr 

mRNA expression is also seen in the giant cells that surround the embryo at this stage 

(lower panel) compared to the strong giant ce11 expression of Pl1  mRNA and Handl 

mRNA. Sectioning of the E8.5 whole-mounts confirrns Fzr m m - 4  expression in the 

chorion but not in the ectoplacental cone (Figure 11). In the E10.5 placenta (Figure 10, 

bottom panels), strong Fzr mRNA expression is seen in the labyrinthine layer, which is 

derived from the chorion, but is not present in the spongiotrophoblast layer, which arises 

from the ectoplacental cone. This compares to Handl rnRNA, expressed strongly in the 

spongiotrophoblast, labyrinthine layer, and giant cells, and PZ1 mRNA, expressed 

strongly in the giant cells. 



Figure 9. Expression of Fzr mRNA in Rcho-1 cells. 

Total RNA (10 pg) was harvested from proliferating and differentiated Rcho-1 cells and 

blotted. The blot was probed with a Fzr probe which did not contain the WD-repeat 

sequences conserved between Fzr and Fzy. 18s RNA is shown to indicate loading. 
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Figure 10. Fzr mRNA expression in the placenta. 

E8.5 (upper panels) and E10.5 (lower panels) placenta showing Fzr expression in the 

chorion, giant celIs, and labyrinthine layer. Provided for cornparison is expression of 

P H ,  Hnndl, and also a Fzr sense probe as a negative control. Arrowheads indicate giant 

cells. The dotted Iine demarcates the border between the spongiotrophoblast Iayer and 

the Iabyrinth. epc, ectoplacental cone; ch, chorion; dec, decidua; lab, labyrinthine layer; 

sp, spongiotrophoblast; gc, giant ceIls. Bar represents 1 mm. 





Figure 11. Fzr expression in the p1acent.a. 

E8.5 whole-mount in-situ hybrïdizations described in Figure 1 1 were cryosectioned. Fzr 

is expressed strongly in the chorion but not in the ectoplacental cone. Provided for 

cornparison is PLI, which is only expressed in giant cells. epc, ectoplacental cone; ch, 

chorion; ,oc, giant cells. Panels at 200X magnification. 





Myc-tagged Fzr locatizes to the nucleus of Rcho-1 cells 

In order to study the subcellular localization of Fzr protein, an expression vector was 

created which encoded an N-terminal myc-epitope tag in-frarne with Fzr. This vector 

was transfected into Rcho-1 stem and day O giant cells and the myc-tagged Fzr was 

visuaIized by indirect immunofluoresence 24 hours Iater. Transfected cells were 

identified by virtue of a CO-transfected P-gdactosidase reporter vector. Essentially al1 

transfected ceI1s expressed the tagged protein. In both Rcho-1 stem and giant cells, myc- 

tagged Fzr localized predominantly to the nucleus (Figure 12) in virtually al1 cells 

observed. The addition of the N-terminal myc epitope had no effect on Fzr function (see 

belo w) , 

Overexpression of Fzr induces exit from the mitotic ceii cycle 

Based on the role of Drosophila fiuy-related and yeast Hctl in triggering exit from 

mitosis, experiments were performed to determine if murine Fzr had a similar function in 

Rcho- 1 trophoblast cells. Proliferating Rcho- 1 stem cells were transiently transfected 

with expression vectors for Fzr, myc-tagged Fzr, antisense Fzr, and an empty vector as a 

negative control. The method of transient transfection was chosen for two reasons. First, 

generating constitutively expressing ce11 lines would be impossible if the hypothesis is 

correct. Second, the use of bipartite inducible systems such as the tetracycline-inducible 

system has had lirnited success in Rcho-1 cells due to leakiness of the system (J. Cross, 

unpublished). 

To assay the effect of Fzr overexpression on rnitotic progression, the number of 

cells in a cluster of blue-staining cells, each assumed to have arisen from the proliferation 



Figure 12. Immunolocaiization of mye-tagged Fzr in Rcho-1 ceus. 

A vector encoding myc-tagged Fzr was transiently transfected into Rcho- 1 cells. The 

9E10 anti-c-myc antibody was used to localize myc-tagged Fzr. Magnification on al1 

panels is 1000X. 





Figure 13. Effect of Fzr misexpression on Rcho-1 cells. 

Rcho-1 stem cells were cotransfected with ppActin-LacZ and expression vectors 

encoding Fzr (FZR), myc-tagged Fzr (myc-FZR), antisense Fzr (AS-FZR) or vector alone 

(control, pcDNA3) at a 1 5  ratio. The number of cells per cluster of LacZ-positive cells 

and the proportion of LacZ-positive cells that had differentiated to giant cells was 

assayed 48 h f i e r  transfection. (A) Table showing the observed number of LacZ-positive 

1-cell, 2-cell, 3-ce11 and 4-ceIl clusters. (B) Table showing the observed number of 

LazZ-positive giant cells. (C) Average number of cells per cluster 48 h after transfection 

as calculated kom the data in (A). @) Percent of Rcho-1 stem cells that differentiated 

into giant cells 48 h after transfection as calculated from the data in (B). Al1 graphs 

indicate means 1 SE. * indicates statistically significant difference fiom control (P < 

0.05) by t-test- 
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of a single ceil, was counted. Transient transfection of Rcho-1 stem cells with Fzr 

resulted in a significant decrease in the number of cells per cluster (Figure 13A,C) 

compared to the empty control vector. A similar decrease was seen when myc-tagged 

Fzr was used, indicating that the myc epitope did not affect F u  function. The antisense 

Fzr appeared to have no significant effect, which is not surprishg because Fm does not 

appear to be expressed in stem cells. 

Fzr promotes giant ce11 differentiation 

The observation that Fzr overexpression resulted in a decrease in the number of cells per 

cluster indicated that Fm was causing the Rcho-1 cells to exit the ce11 cycle. However, 

these data do not indicate the fate of the cells after they exit the ce11 cycle. For example, 

Fzr overexpression may have sirnply caused the Rcho-1 cells to arrest and enter GO. In 

order to determine if Fzr overexpression causes Rcho-1 cells to exit the mitotic ce11 cycle 

and differentiate to the giant ce11 fate, Rcho-1 stem cells were scored for the percentage 

of transfected cells which differentiated into giant cells. Under typical ce11 culture 

conditions, Rcho-1 stem cells will spontaneously differentiate at a reasonably consistent 

fiequency (typically around 5% to 10% within 48 hrs) into trophoblast giant cells (Cross 

et al., 1995). Transient transfection with Fzr resulted in an approxirnate two-fold increase 

in the proportion of Rcho-1 stem cells that differentiated to giant cells (Figure 13B, D). 

Fzr causes exit from the mltotic cell cycle at G2M 

HaWig determined that Fzr overexpression induces exit korn the mitotic ce11 cycle, we 

tested the stage of the ce11 cycle at which this exit occurs. To determine the stage at 



which Fzr causes rnitotic exit, and consequently to determine whether F u  downregulates 

mitotic cyclins, as in Drosophila, the effect of Fzr overexpression on cyclin abundance 

and ce11 cycle staging was analyzed. Proliferating Rcho-1 stem cells were transiently 

transfected with either a Fzr expression vector or an empty vector as a negative control, 

Transfected cells were scored for ce11 cycle stage on the basis of chromosome 

morphology and cyclin B expression. The expression and changing cellular localization 

of cyclin B during the mitotic ce11 cycle is well documented (Pines and Hunter, 199 1, 

1994). In Rcho- 1 cells, cyclin B begins to accumulate in the cytoplasm during S phase 

and is highly expressed by the end of G2 (Figure 14A). Cyclin B then enters the nucleus 

at the beginning of prophase as chromosome condensation occurs. Cyclin B remains 

associated with the chromosomes through metaphase until it is degraded from anaphase 

until G 1. 

Overexpression of Fzr caused a significant decrease in the number of cells 

expressing cyclin B (Figure 14B). This indicates that Fzr overexpression downregulates 

cyclin B. Analysis of the chromosome States of the transfected cells showed that Fzr 

overexpression significantly reduced the number of cells in prophase and metaphase. 

Anaphase and telophase figures were not observed. This indicated that Fzr 

overexpression prevented Rcho-l cells from entering into and progressing through 

mitosis. Therefore, exit from the mitotic ce11 cycle appeared to occur during G2 or 

G21M. 



Figure 14. Cyclin B expression in Fm-transfected Rcho-1 cells. 

(A) Cyclin B expression in Rcho-1 stem cells dunng the ce11 cycle. During G2, cyclin B 

accumulates in the cytoplasm. At prophase, cyclin B translocates to the nucleus 

(arrowhead ce11 with condensed chromosomes). The other two cells in the Ieft panel are 

not in G2 or mitosis and do not express cyclin B. At metaphase, cyclin B is localized to 

the metaphase plate. By telophase, cyclin B is degraded. (B) Effect of Fzr 

overexpression on cyclin B expression and ce11 cycle stage. Cells were analyzed 24 

hours after transfection. By chi-square analysis, the difference between the Fzr and 

pcDNA datasets is statistically significant (P < 0.05), as is the difference between each 

pair for a given ce11 cycle phase (by t-test, * P < 0.05). 
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Targeting of the Fv Iocus of ES c e k  

In order to examine the effect of Fzr underexpression, and to determine a role for Fzr in 

murine development, an attempt was made to generate a targeted deletion of the Fzr 

locus. The Fzr locus contains at least three exons, contained within a space of 

approximately 7 kb (Figure 15A)- So that the developmental expression of Fzr could be 

studied, the targeting vector was constructed to replace the Fzr coding region with an in- 

frame Lac2 reporter gene. Three separate electoporations were performed, and 454 ES 

ce11 colonies were screened by Southem blot analysis (Figure 15B). No positive clones 

were identified (see Future Direction 1 : Production of Fzr-deficient Mice). 



Figure 15. Mutation of the Fu locus. 

(A) Map of the mouse Fzr Iocus and gene targeting vector. Fzr contains at least three 

exons which are indicated as black bars. The targeting vector inchded 6.5 kb upstream 

of the start codon in-frame with a 3.3 kb LacZ insert, and a 2.5 kb 3' arrn which starts 

downstram of the translation stop codon. The position of an interna1 and 3' flanking 

probe used to screen for homo~ogous tecombinations event are shown. X = XhoI, B = 

BamHI, N = NcoI, R = EcoRV, S = SaiI, Nt = NorI, P = PstI. (El) Detection of the Fzr 

mutant aIleIe by Southern blot analysis. BamHI-digested ES ce11 genomic DNA was 

probed with the 3' flanking probe (probe B). The wild-type band is 8 kb, and mutant 

band should be 6 kb. 
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Discussion 

We have identified and characterized the rnurine Fzr gene, which encodes a WD-repeat 

protein whose sequence and function appears to be conserved through evolution. Murine 

F z r ,  like its hornologs in other organisms, is expressed in post-mitotic and 

endoreduplicating ce11 types, indicating a role for Fzr in the developmental program of 

these tissues. As in yeast, Fzr induces mitotic exit and the downregulation of mitotic 

cyclins in rodent trophoblast cells- Fzr function, therefore, appears to be conserved, 

although in higher organisms its role may have diversified to include the cornmitment to 

andior maintenance of the post-mitotic state. 

Fzr belongs to a highly conserved WD-repeat gene family 

The murinefizzy andfizzy-related homologs identified in this work are highly sirnilar to 

fS-v andfiuy-related genes from Xenopcis and Drosophila, suggesting a conservation of 

function during evolution from the prototype Cdc20 and Hctl genes. The fact that there 

appears to be only one mamrnalian Fzzy and one mammalian fizzy-related lends 

additional support to the possibility that fiuy and fizzy-related functions are conserved. 

Fi~y-related (and f izzy)  genes, while sharing significant sirnilarity along their entire 

sequence, both possess seven highly-conserved WD-repeats that constitute the foundation 

of their homology. A number of proteins have been identified which contain WD 

repeats, which usually occur four to eight times within the protein (Neer et al., 1994). 

WD-repeats, also known as P-transducin repeats, GH-WD repeats, or WD40 repeats, 

were first identified in the P-transducin protein and are characterized by the presence of a 



core sequence roughly beginning with Gly-His (GH) and ending approximately forty 

arnino acids Iater with Trp-Asp (WD). This core sequence is often buned within a region 

of variable length and sequence, which again is approximately forty residues in length, 

WD-repeats have been found in proteins with diverse functions, such as signal 

transduction, gene regdation, vesicufar traffic, and cytoskeletal assembry (Neer et al., 

1994). No WD-repeat protein studied appears to possess enzymatic function; rather, the 

protein appears to operate by interacting with other proteins in rnultiprotein complexes. 

WD-repeats form propeller structures which are likely stabilized by interactions with 

ligands or other WD-repeats. It is possible that the core cornponents of the W-repeats 

within a given protein interact with each other to form a scaffold on which the variable 

regions are displayed to interact with specific protein partners (Neer et  al., 1994). 

Therefore, the different substrate specificities of FizzylCdc20-APC and Fizzy- 

related/Hctl-APC may be due to differences in their WD-repeat sequences, as well as to 

the different N-terminal motifs in the two proteins. 

Fzr is expressed in post-mitotic cells 

In Rcho-1 ceIls, Fzr mRNA was not detectable in proliferating stem cells but its 

accumulation correlated with comrnitment to giant ce11 differentiation. Fzr expression 

appeared to be regulated, disappearing thereafter at day 2, the end of the first endocycle, 

and reappearing again at day 3, the start of the next endocycle. It was not possible to 

determine whether Fzr was perhaps expressed in proliferating Rcho-1 stem cells in a ce11 

cycle-dependent manner because d l  attempts to arrest and synchronize the cells either 

had no effect, promoted giant ce11 differentiation, or were toxic (Nakayama et al., 1998; J. 



Gabor, unpublished observations). Methods attempted included the use of mimoske, 

serum starvation, nocodazole and Hoechst dye 33342, which can induce a reversible G2 

block in some ceil types (Tobey et al., 1990). 

The expression of mammalian Fzr mRNA has been studied in synchronized NIH 

3T3 cells by other investigators (Inbal et al., 1999). Fzr mRNA expression peaks in 

mitosis but deches  rapidly upon release fkom a nocodazole arrest and entry into 

telophase. Expression begins again during G1. In addition, Fzr mRNA is expressed at 

hi& levels in cells arrested in GO by serum starvation. There was no difference in the 

decay of the Fzr mRNA in ceUs treated with the transcription inhibitor actinomycin D 

(ActD) or untreated cells in S, G2, or after release from the nocodazoIe block, indicating 

that the mRNA is not transcribed during those periods, is very stable, and is rapidly 

degraded upon the end of mitosis. This pattern is puzzling considering the hypothesized 

role of F n  during exit fiom mitosis, the apparent lack of Fzr mRNA expression in Rcho- 

1 stem cells, and previous reports that Fzr protein levels are constant throughout the ce11 

cycle (Prinz et al., 1998; Fang et al., 1998). These data, then, indicate that Fzr is 

probably regulated in a complex manner. Since 3T3 cells are fibroblast cells which do 

not differentiate or endoreduplkate, it may not be appropriate to extrapolate the data to 

differentiated Rcho-1 chonocarcinorna cells. However, it can be noted that in both ce11 

types, Fzr is expressed in cells that have become post-mitotic, either during GO in 3T3 

cells or during endoreduplication in Rcho-1 giant cells. 

The expression of Fm in various adult mouse organs has been studied by multi- 

tissue Northern and Western analysis (Inbal et al., 1999; Gieffers et al., 1999) and in this 

work on embryonic tissue by in-situ hybridization. While detectable in al1 tissue extracts, 

Fn protein levels were highest in tissues with low proliferative indices, most notably in 

the brain (Gieffers et al., 1999). Northern analysis shows strong Fm expression in the 

brain as well as in the testis (Inbal et al., 1999). In-situ hybridization data fiom the 



present work shows that Fzr is expressed strongly in the chorion and labyrinthine layer of 

the E8.5 and E10.5 placenta and also weakly in giant cells. Expression was not detected 

in the spongiotrophoblast Iayer or its precursor, the ectoplacental cone. This is sornewhat 

surprising since giant cell precursors are present in these ce11 layers. Expression of Fzr 

mRNA in these tissues may be confined to an earlier stage of development anaor  in a 

small temporal window in specific precursor cells that are just committing to the giant 

ce11 fate. Although trophoblast cells of the chorion and subsequent labyrinthine layer do 

not endoreduplicate, they do become post-mitotic and fuse to form a syncytium (West et 

al., 1995). The expression of Fzr in Rcho-1 cells and in mammalian tissues is in contrat 

to fizry-related expression during Drosophila embryogenesis, where expression occurs 

just prior to mitotic exit and not during the subsequent rounds of endoreduplication 

(Sigrist et al., 1997). In the mammalian tissues studied to date, expression appears to 

persist after the comrnitment to mitotic exit has been made. 

The expression data obtained to date seem to indicate that like Drosophila, where 

fizzz-refnted appears to be required for the transition to the endocycle. mammalian Fzr 

may also be required during the endocycle itself for maintaining the post-mitotic state. 

Such an additional role rnay be a result of unknown differences in the molecular design 

of mammalian versus Drosophila endocycles. Knowing that human Fzr associates with 

the APC like yeast HctlKdh1 (Fang et al., 1998), it is possible that Fzr-APC targets the 

degradation of known as well as unidentified substrates in post-mitotic cells to prevent a 

re-entry into mitosis andor  maintain some aspect of the differentiated phenotype. As in 

mitotic cells, Fzr may be responsible for down-regulating mitotic cyclins and other 

mitotic proteins to promote exit from mitosis. On the other hand, Fzr may be responsible 



for downregulating one or more classes of unknown substrates that may be specific to the 

differentiated ce11 type in question and share common destruction motifs &EN box, D- 

box, etc.). These hypotheses, which are not mutually exclusive, would modify the 

current view of the APC pathway. Although the formal possibility that Fzr exists in post- 

mitotic cells purely as a non-functional remnant from a past differentiation event cannot 

be excluded at this time, evidence exists that argues against this idea. APC purified from 

post-mitotic neurons of the adult mouse brain contains al1 core subunits known from 

proliferating cells, and is tightly associated with Hctl (Gieffers et ai., 1999). This APC- 

Hct 1 complex is able to rapidly and completely catalyze the polyubiquitination of cyclin 

B, dernonstrating that the complex is stilI a functional ubiquitin-protein ligase. 

Additionaily, the same study reports the identification of APC in the neurons of adult 

humans, i.e. in cells that had presumably existed for decades since their last rnitotic ce11 

division. 

Fzr localizes to the nucleus 

In the absence of an availabIe anti-Fzr antibody, an expression vector encoding myc- 

tagged Fzr was constructed and transfected into stem and dO Rcho-1 cells to study Fzr 

localization. In both stem and giant Rcho-1 cells, rnyc-tagged Fzr localized to the 

nucleus. This is consistent with a role for murine Fzr as an APC partner. Although 

biochemical experiments have previously demonstrated that Fzr/Hct 1 binds to the APC in 

hurnans (Fang et al., 1998), immunolocalization studies had not been perforrned. 

Immunohistochemistry on adult mouse and human brain sections, as well as on cultured 

differentiated rat hippocarnpal neurons, demonstrated nuclear staining of the APC core 



subunits APC2 and CDC27 (Gieffers et al,, 1999). NucIear localization of the APC is not 

surprking considering that al1 known APC substrates, such as cyclins A and B, Pdsl and 

Asel, are localized to the nucleus during mitosis (Pines and Hunter, 199 1, 1994; Cohen- 

Fix et al., 1996; PelIman et al., 1995). Fzr protein has aIso been found to be strongly and 

specifically localized in the nuclei of neurons (Gieffers et al., 1999). 

Overexpression of Fm induces mitotic exit, promotes giant ce11 differentiation, and 

downregulates cyclin B 

Fzr overexpression resulted in a decrease in ce11 proliferation; in other words, the 

transfected Rcho-1 cells had exited the rnitotic ce11 cycle. Analysis of cyclin B 

expression and chromosome condensation in transfected cells showed that 

overexpression of Fzr results in a downregulation of cyclin B and a significant decrease 

in the number of cells entenng mitosis. More specifically, a significantly smaller 

proportion of Fzr-transfected cells displayed prophase and metaphase chromosome 

patterns. A sirnilar effect is observed in S. cerevisiae strains in which Hctl is placed 

under the control of an inducible GALl promoter (Schwab et al., 1997). The yeast arrest 

with 2C DNA content and cells form a highly elongated bud. Although nuclear division 

does not occur, spindIe formation is repressed, and Clb2 rapidly disappears (Schwab et 

al., 1997). Hct 1 overexpression in S. cerevisiae, therefore, downregulates mitotic cyclins, 

blocks ce11 division and causes a ce11 cycle arrest in G2. Recently, human Fzr, when 

overexpressed in nocodazole-arrested MH 3T3 cells, has also been shown to activate the 

degradation of cyclin B and progression into G l  (Listovsky et al., 2000). Therefore, the 



basic function of Fzr/Hct 1, to control mitotic progression through the manipulation of 

mitotic cyclin levels, appears to be conserved from yeast to marnmds. 

Despite al1 of the above data, neither yeast nor NM 3T3 cells differentiate into an 

endoreduplicating ce11 type like Rcho-1 tells- To determine whether Fzr overexpression 

promotes endoreduplication and the @ n t  ce11 fate, the proportion of giant cells resulting 

from Fzr transfection of Rcho-1 stem ceIls was assayed, Fzr does indeed promote 

endoreduplication and differentiation to the giant ce11 fate in Rcho- 1 cells. Therefore, 

while the proliferation assay indicates a conserved role for Fzr in regulating the mitotic 

cycle, the differentiation assay indicates that, as in Drosophila, Fzr promotes the 

transition to the endocycle, since overexpression took place in proliferating stem cells. It 

is not known at this time whether Fzr has a role in subsequent endocycles. 

Given the observed pattern of fiw-relateflzr expression in post-mitotic tissues, 

it is likely that while its basic function as a regulator of rnitotic cyclin levels and ce11 

cycIe progression is conserved from yeast to man, the primary role of HctI/fi.zzy- 

relnted/Fzr in higher organisms has become specialized to differentiated ce11 types. Fzr 

transcription may be activated as part of the differentiation program of a given tissue to 

degrade cyclin B and other substrates. In the case of Rcho-1 cells, for example, Fzr may 

promote the degradation of cyclin B dunng G2 of the last mitotic cycle and during the 

transition endocycle so that rnitosis cannot occur during subsequent endocycles. As 

previously alluded to, Fzr rnay also target other unidentified substrates for degradation 

during subsequent endocycles. In Rcho-1 giant cells, cyclin B protein is detectable at day 

O and day 1, and disappears by day 2, the end of the transition endocycle. It does not, 

however, form a stable complex with Cdkl due to an unknown mechanism (MacAuley et 



al., 1998). The presence of cyclin B during the transition endocycle is puzzling 

considering that Fzr is expressed during this time and thus cyclin B should, in theory, be 

degraded. One possibility is that Fu degrades cyclin B in the nucleus or in local nuclear 

compartments, thereby keeping Cdkl and cyclin B apart and preventing their association. 

In summary, the analysis of Fzr function in rodent trophoblast ceIls has 

demonstrated a role in inducing rnitotic exit, downregulating cyclin B, and prornoting the 

transition to the endocycle. Therefore, its function appears to be conserved through 

evolution. The expression of Fzr in endoreduplicating giant cells is fürther evidence for a 

role in the differentiation and/or maintenance of this ce11 type. Fzr is also expressed in 

the labynnthine layer of the placenta, and from previous shidies is expressed in other 

post-mitotic tissues. This diversity of Fzr expression suggests that Fzr is regulated in a 

complex manner and may be required for the development and differentiation of a 

number of post-rnitotic ce11 types. 



CHAPTER THREE 

CONCLUSIONS AND FUTURE WORK 



Summarv 

The marnrnalianfizzy-reluted (Fzr) gene encodes a WD-repeat protein with a high 

degree of similarity to its Xenopus and Drosophila homologs. Like its homologs in other 

species, Fzr contains seven C-terminal WD repeats, which are believed to be involved in 

protein-protein interactions (Neer et al., 1994). Biochemical expenments using yeast and 

human HctlIFzr have demonstrated that it associates with the anaphase-promoting 

complex (APC) to target mitotic cyclins and other proteins for ubiquitin-mediated 

proteolysis and prornote exit from mitosis (Zachariae et al., 1998b; Fang et al., 1999). 

Fzr is strongly expressed in the labyrinthine layer of the E10.5 placenta and in its 

precursor the E8.5 chorion. It is also weakly expressed in trophoblast giant cells. In 

Rcho-1 ce11 culture, Fzr expression appears to be induced upon differentiation and 

appears to be regulated. Therefore, F z r  is expressed in post-mitotic and 

endoreduplicating cells of the mouse placenta, as well as in differentiated Rcho-1 giant 

cells. Unlike the expression of Drosophila fiuy-relared, which occurs in tissues just 

pnor to the onset of endoreduplication, Fzr expression persists during the post-mitotic 

stage, perhaps indicating a requirement for Fzr in maintaining the endocycle as well as 

promoting it. 

In proliferating Rcho- 1 stem cells, overexpression of Fzr by transient transfection 

results in exit from the mitotic ce11 cycle, downregulation of cyclin B, and increased 

differentiation to the giant ce11 fate. In both stem and giant Rcho-1 cells, myc-tagged Fzr 

Iocalizes to the nucleus, consistent with a role for Fzr as an APC partner. Taken together, 

these data indicate a conserved role for Fzr in regulating exit from mitosis by modulating 



the levels of rnitotic cyclins, Furthermore, by promoting the transition from the mitotic 

ce11 cycle to the endocycle in trophoblast giant cells, Fzr plays an important role in the 

development and differentiation of this unique and essentid ce11 type. 

Future Directions 

(i) Production of Fzr-Deficient Mice 

A second attempt at generating a Fzr-null mouse should be made, considering that 

the first attempt was unsuccessful in yielding a recombinant ES ce11 clone. The size of 

the homologous region (2.5 kb on the 3' arm, 6.5 kb on the 5' arm) could be increased, 

although it faIls well within the normal targeting range (Nagy and Rossant, 1993). It may 

also be possible that failure occurred due to Fzr haploinsufficiency, with Fzr 4- ES 

clones arresting and being unable to complete mitosis. This possibility could be tested 

through the use of a targeting vector that would integrate a functional Fzr genomic unit 

flanked by lox sites, which could then be induced to excise at a given time. The effect on 

ES ce11 proliferation could then be assayed. In tandem with the gene targeting 

experiments, a more detailed analysis of Fzr expression during development should be 

undertaken. Specifically, RNA in situ hybridization should be performed on mouse 

embryos earlier than E8.5 in order to identify the time and location in which Fzr is first 

expressed. For example, it may be useful to examine expression in preimplantation 

embryos up to the blastocyst stage, when the trophoblast lineage forms and primary giant 

cells differentiate. 



Analysis o f  FZT-nui1 conceptuses would provide answers to a nimiber of remaining 

questions. First, it would address the question of when Fzr is required during 

development. In Drosophila, f;zzy-related mutants are defective in the transition to the 

endocycle and also display a G1 arrest, resulting in developmental abnomalities. Durùig 

mammalian developrnent, the first ce11 cycles after fertilization Iack Gl; therefore, a very 

early phenotype is not predicted. The G1 phase is added when cell Lineages differentiate, 

the first of which is the trophobIast lineage. Connected to the question of when Fzr is 

required is that of the tissues whose proper developrnent depends on Fzr function. It is 

possible that F u  is required for the differentiation of primary giant cells; in that case, a n  

early phenotype should be observed. On the other hand, Fzr may not be required until a 

Iater stage, for example, to promote differentiation of the labyrinthe layer or maintain 

the endocycle in secondary giant cells. Such a requirement would be consistent with the 

in-situ expression data. Another fomal possibility is that Fzr is required at an earlier 

stage and that the expression seen in the E8.5 and E10.5 chorion, giant cells and 

labyrinthine layer is a remnant ftom a previous differentiation event. Analysis of Fzr- 

nuIl embryos and a more detailed analysis of Fzr expression would help to confirm or 

disprove this possibility. As additional evidence for conservation of Fzr activity, mitotic 

cyclins should accumulate in Fzr nul1 mutants, similar to what is observed in Drosophila 

fizzy-related mutant embryos (Sigrist et al., 1997). 

The recent data describing Fzr protein and RNA expression in post-mitotic 

neurons (Gieffers et al., 1999) suggests that the role of Fzr during mammalian 

development may not be restricted to regulating the differentiation of extraembryonic ce11 

lineages. Although the study andyzed adult tissues, a role for Fzr in promoting mitotic 

exit during the development of certain somatic tissues may be uncovered. The likelihood 

of this could be assessed by examining Fzr RNA expression during development in the 

embryo proper. 



The possibility exists that any role for Fzr in Iater development may be masked by 

earlier Iethality caused by defects in placenta1 developrnent. This has been seen, for 

example, with Wandl mutant rnice (Riley et ai., 1998). It is known that, when aggregated 

with diploid embryos, the developrnental potentid of tetraploid embryos is limited to 

extraembryonic ce11 lineages and that they rarely contribute to the embryo proper (Nagy 

and Rossant, 1993). Furthermore, in diploid-tetraploid aggregation chimeras, the 

trophoblast lineage is primarily derïved from the tetraploid cells. Therefore, wild-type 

tetraploid cells can be used to rescue placentai defects in Fzr-nu11 embryos to reveal later 

defects in somatic tissues, as has been done previously (Guillemot et al., 1994; Riley et 

al., 1998). Tetraploid embryos are produced by electrofusing two-ce11 stage embryos, 

followed by culturing them to the four-ce11 stage before they are aggregated. 

(ii) Identification of Fzr Targets 

Experiments in yeast, HeLa cells and now trophoblast cells have demonstrated a 

role for Fzr in downregulating mitotic cyclins. In addition to the mitotic cyclin Clb2 in 

yeast (cyclin B in higher organisms), Hctl-APC is also responsible for the degradation of 

Asel, a cytokinesis inhibitor (Juang et al., 1997). Recent work has shown that while 

Hct 1-APC recognizes substrates containing a destruction box (D-box), the complex also 

recognizes and ubiquitinates substrates containing a K-E-N-X-X-X-N sequence, or KEN 

box (Pfleger and Kirschner, 2000). The discovery of a new APC recognition sequence 

suggests that there are a number of potential APC-Hct 1/Fzr substrates yet to be identified, 



and whose degradation may be required both for normal rnitotic ce11 cycle progression 

and endoreduplication, 

Already, database searching has identified two proteins with putative KEN boxes, 

in addition to Cdc20Ezy: Nek2, a human NimA-related kinase, and B99, a novel mouse 

p53-inducible gene (Pfleger and Kirschner, 2000). The protein expression Ievel of both 

B99 and Nek2 peak during G2 and disappearing during mitosis and G1, suggesting 

degradation by APC-Hctl (Schultz et al., 1994; Utera et al,, 1998). 

Given the above data, two approaches can be taken to identify targets for Fzr- 

mediated proteolysis during the transition to endoreduplication in trophoblast giant cells. 

The first would be to examine candidate genes, such as vertebrate homologs of yeast ce11 

cycle proteins, or genes expressed in the placenta or Rcho-1 celIs. The expression of 

candidate proteins could be assayed durhg the Rcho- 1 endocycle, in transfected Rcho- 1 

cells, in wild-type placenta, and in Fzr-mutant mice. Proteins targeted by Fzr for 

degradation would be expected to accumulate in Fzr-nul1 mutants. 

A possible candidate for Fzr-mediated proteolysis is the PRCl gene. PRCl has 

sequence homology to Asel in yeast and contains several putative destruction boxes 

(Jiang et al., 1998). Like Asel, PRCl protein levels are replated during the ce11 cycle, 

being high from S to M phase and dropping dramatically as cells exit mitosis into G1. 

PRCl locaiizes at the spindle poles during early and rnid mitosis, then to the spindle 

midzone in anaphase, becoming concentrated as cells enter cytokinesis. Unlike Asel, 

however, PRC 1 expression persists through cytokinesis until it disappears in G 1. Ase 1, 

while also localized to the spindle midzone at anaphase, is abruptly Iost as cells undergo 

cytokinesis (Pellman et al., 1995). It appears that Asel is required for spindle elongation 



and separation of the spindle poles during anaphase, whereas PRCl is required f o r  

cytokinesis, since HeLa cells injected with anti-PRC1 antibodies progress normally 

through anaphase but fail to undergo cytokinesis (Jiang et al., 1998). In any case, the 

rapid degradation of PRCl in G1 suggests that it may be regulated by the APC, 

Cytokinesis does not occur in endoreduplicating cells. Therefore, PRC 1 represents a 

protein whose expression needs to be downreguhted for endoredupIication to occur and 

rnay be targeted for degradation during endocycles by Fzr-MC. 

Another possible target for Fzr-rnediated proteolysis is the geminin protein. I n  

HeLa cells, geminin inhibits DNA replication and is degraded during mitosis at the 

metaphase-anaphase transition (McGarry and Kirschner, 19%; Bastians et al., 1999)- 

Geminin has a destruction box and is ubiquitinated in vitro. Geminin inhibits DNA 

replication by preventing the incorporation of minichromosorne maintenance (MCM) 

proteins into the pre-replication complex. MCM proteins are DNA replication factors 

that bind to chromatin in a ce11 cycle-dependent manner that, at least in Drosophifa 

endocycIes, is driven by cyclin E and is independent of rnitosis (Su and O'Farrell, 1998). 

It is believed that geminin inhibits DNA replication during S, G2 and M and that i ts  

destruction at the metaphase-anaphase transition permits DNA replication in the next ce11 

cycle. The timing of gerninin destruction, at the metaphase to anaphase transition, likely 

makes it a substrate for Fzy-APC, but during endoreduplication, Fzr may assume the role. 

Fzr may be required during each endocycle to target geminin for destruction and 

therefore allow another round of DNA replication to occur. 

To complement a candidate gene approach to identifying Fzr targets, a more 

systematic approach could be taken. Database queries would continue to identify KEN- 



box containing genes, whose expression pattern during development, and in Rcho-1 celis, 

can be studied- In addition to the previously mentioned KEN-box proteins Nek2 and 

899, other KEN-box containing proteins have been identified by database queries and in 

vitro expression cloning, including the Aurora kinase family, which regulate chromosome 

segregation and cytokinesis (PfIeger and Kirschner, 2000; Bischoff and Plowman, 1999). 

(iü) Regdation of Fzr 

Endoreduplicative and post-mitotic States occur only in certain rnammaiian and 

Drosophila tissues, Although Hctl, like Cdc20, has a role during the rnitotic ce11 cycle, 

Drosophila f iw-related and murineFzr appear to have specific roles in promoting and 

possibly maintaining the post-mitotic state in differentiated tissues. In both Drosophila 

and mice, Fzr expression is not uniform but rather is restricted to post-mitotic, 

differentiated ce11 types. Al1 of this information suggests a highly CO-ordinated regulation 

of Fzr during the endocycle that is likely different from Fzr regulation during mitosis. In 

order to elucidate the molecular network controlling Fzr regulation, several approaches 

are possible. One approach is, of course, to clone and analyze the Fzr promoter, define 

cis-regdatory elements and identify the proteins that bind to them. These experiments 

are reported to be underway (Inbal et al,, 1999). A complementary approach is to 

examine the effect of transcription factors known to promote or inhibit giant ce11 

differentiation, such as Handl (Cross et al., 1995) or mSna (Nakayarna et al., 1998), on 

Fzr expression. Fzr expression could be assayed in stable transfectants as well as in nul1 

mice. 



mSna is expressed in cells at the periphery of the ectoplacental cone at E8.5; these 

cells are trophoblast giant c e 1  precursors (Nakayama et al-, 1998)- In contrast, mSna 

transcnpts are undetectable or present at much reduced levels in the trophoblast cells of 

the chorion and are also undetectable in trophoblast giant cells. At day 10.5, mSna 

expression is apparent in the spongiotrophobIast layer and in focal areas of the 

Iabyrinthine layer. mSna expression, therefore, is opposite to that observed for Fzr, 

which is present in the chorion and giant cells, and also widely and strongly expressed in 

the Iabyrinthine layer. As opposed to Fzr, mSna is downregulated upon trophoblast giant 

ce11 differentiation, Transient transfection experirnents with mSna sirnilar to those 

perforrned in this work with Fzr  showed that mSna inhibits the transition to the 

endocycle, Further experirnents showed that mSna binds to E-box sequences and 

represses transcription (Nakayarna et al., 1998). Given that mSna is a transcriptional 

repressor and inhibits the transition to the endocycle, it may upregulate Fzr expression by 

repressing the transcription of an unknown factor that represses Fzr transcription. 

Handl is strongly expressed at E7.5 in trophoblast cells of the ectoplacental cone 

(Cross et al., 1995). It is unlikely to be a factor that upregulates Fzr in this ce11 type since 

Fzr is undetectable there. Handl is also expressed in the trophoblasts of cultured mouse 

blastocysts (Cross et aI., 1995). Analysis of Fzr expression at this early stage in wild- 

type and Handl mutants would determine whether Handl could be a possible upstream 

replator of Fzr at the blastocyst stage. 

In addition to exarnining putative transcription factors for Fzr ,  it wouId be 

informative to assay, in Rcho-1 cells, the expression and function of phosphatases and 

kinases known to affect Fzr function. For example, in yeast, the cdcl4 phosphatase has 



been shown to perform the dephosphorylation which activates Hcti by reversing 

inhibitory Cdk phosphorylation (Visintin et al., 1998; Jaspersen et al., 1999). Recently, 

the hurnan cdcl4 homolog (Li et al., 1997) has been shown to be capable of activating 

Fzr-MC-specific degradation (Listovsky et al., 2000). It is still unknown, however, if 

this rnammalian hornolog is performing the exact same function. 

Previous work has s h o w  that yeast and human F z .  protein is stable throughout 

the cell cycle (Prinz et al., 1998; Fang et al., 1998). To complement assays of the 

expression and activity of proteins such as mamrnalian cdcl4, an analysis of Fzr protein 

expression and stability throughout the Rcho-1 rnitotic ce11 cycle and endocycle needs to 

be undertaken. For this, a Fzr antibody would be required together with a GFP-fusion 

protein; the latter would enable assays of Fzr stability in living cells in real t h e .  Fzr 

protein expression should also be assayed in ernbryonic and placenta1 tissues at various 

stages of development. 

A final point of interest remains the fünction of the conserved, yet urhown N- 

terminal domains of the fzzy-related genes. Mutagenesis and deletion of these regions 

could be perforrned and the resulting constructs assayed for function in Rcho-1 cells. 

GST ccpull-down'~ binding assays could also be used to idenri& proteins that interact with 

these conserved domains. Such experiments may identie novel Fzr protein parhiers and 

therefore improve the understanding of the molecular mechanisms dnving both the 

mitotic ce11 cycle and the endocycle. 



Conchsions 

This study has dernonstrated that the murine homolog of Drosophilafruv-related, 

Fzr, promotes mitotic exit and the transition to the endocycle in trophoblast giant cells. 

As is the case from yeast to humans, Fzr overexpression results in downregulation of 

cyclin B. The expression pattern of Fzr indicates a role in the development and 

differentiation of post-rnitotic tissues. Future work should proceed with the general 

hypothesis that Fzr is responsibIe for promoting, and possibly maintaining, the post- 

mitotic state in a number of mammaiian tissues, most notably the placenta- To clarify the 

role of Fzr during development and the ce11 cycle, the following approaches would be 

taken: 1) produce Fu-deficient mice to identi@ tissues and developmental stages where 

Fzr is required, 2) identify targets for Fzr-mediated proteolysis and 3) deterrnine the 

factors responsible for the likely complex regulation of Fzr expression and activity. A 

deeper understanding of Fzr function should yield further insights into both placental 

development and the regulation of G2/M events. Both topics are clinically relevant and 

highlight the importance of the ce11 cycle in developmental processes and disease 

progression- 
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